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The most exciting phrase to hear in science, 
the one that heralds the most discoveries, 




In der vorliegenden Arbeit wird ein neuer Ansatz vorgestellt, um Lipiddomänen, die 
Bindungsorte peripherer und integraler Membranproteine darstellen können, zu 
charakterisieren. Insbesondere wurde die Analyse der Fluoreszenzlebenszeiten von NBD-
markierten Lipidanaloga benutzt, um Lipiddomänen in Giant unilamellar vesicles (GUV) und 
darauf aufbauend, in der Plasmamembran von Säugerzellen zu untersuchen. Das typische 
Zeitfenster von Fluoreszenzlebenszeiten im Bereich von Nanosekunden ermöglicht es, auch 
sehr kurzlebige Lipiddomänen nachzuweisen. 
Mit Hilfe des Fluorescence lifetime imaging (FLIM) wurden für die liquid disordered (ld) und 
liquid ordered (lo) Domänen in GUV jeweils spezifische Werte für das Abklingen der 
Fluoreszenz gemessen. Sogar die Existenz von submikroskopischen Domänen in GUV konnte 
nachgewiesen werden. Die Fluoreszenzlebenszeit des Lipidanalogs C6-NBD-PC zeigte in der 
Plasmamembran von Säugerzellen eine breite Verteilung. Dies legt in Übereinstimmung mit 
FLIM-Experimenten an aus der Plasmamembran von HeLa-Zellen gewonnenen Giant 
vesicles nahe, dass in der Plasmamembran von Zellen eine Vielzahl verschiedener 
submikroskopischer Lipiddomänen existiert. 
Darauf aufbauend wurde die Fluoreszenzmikroskopie an GUV angewendet, um die Bindung 
von fluoreszenzmarkiertem alpha-Synuclein an mittels FLIM charakterisierte Lipiddomänen 
zu untersuchen. Die Experimente zeigten, dass das Protein mit hoher Affinität an negativ 
geladene Phospholipide unter der Vorraussetzung bindet, dass diese sich in ld Domänen 
befinden. Im Gegensatz dazu erfolgt keine Bindung wenn diese Lipide in lo Domänen 
lokalisiert sind. Im Vergleich zum wildtypischen alpha-Synuclein zeigte die Variante A30P 
eine geringere Affinität zur Membran, während die E46K-Variante eine stärkere Bindung 
zeigte. Dies deutet darauf hin, dass bei den erblichen Formen des Morbus Parkinson eine 









In the present study a novel approach to characterize lipid domains, which may provide 
binding sites for peripheral or integral membrane proteins, is demonstrated. In particular, 
analysis of fluorescence lifetimes of NBD-labeled lipid analogues was used to study lipid 
domains in Giant unilamellar vesicles (GUV) and – based on the GUV results – in the plasma 
membrane of mammalian cells. As fluorescence decays in a few nanoseconds it is possible to 
to detect also very short-lived lipid domains. 
Fluorescence Lifetime Imaging (FLIM) revealed that the fluorescence decay of NBD-lipid 
analogues showed domain dependent decay times in the liquid disordered (ld) and the liquid 
ordered (lo) phase of GUV. Even the existence of submicroscopic domains in lipid 
membranes could be detected by FLIM. A broad distribution of the fluorescence lifetime was 
found for C6-NBD-PC inserted in the plasma membrane of mammalian cells. In agreement 
with FLIM studies on lipid domain forming Giant vesicles derived from the plasma 
membrane of HeLa-cells this may suggest that a variety of submicroscopic lipid domains 
exists in the plasma membrane of intact mammalian cells. 
Based on that, fluorescence microscopy was used on GUV to study the binding of 
fluorescently labeled alpha-synuclein at lipid domains previously characterized by FLIM. The 
experiments suggested that alpha-synuclein binds with high affinity to negatively charged 
phospholipids, when they are embedded in a ld as opposed to a lo environment. When 
compared with wildtype alpha-synuclein, the disease-causing alpha-synuclein variant A30P 
bound less efficiently to anionic phospholipids, while the variant E46K showed enhanced 
binding. This suggests that an altered association of alpha-synuclein with membranes may 
play a role in the inherited forms of Parkinson’s disease.  
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FBS fetal bovine serum 
FLIM Fluorescence lifetime imaging microscopy 
GF gelfiltration 
GPMV Giant plasma membrane vesicles 
GUV Giant unilamellar vesicles 
Hepes 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
IEX ion exchange chromatography 
IgG Immunoglobulin G 
IPTG Isopropyl-β-D-Thiogalactopyranosid 
Kan Kanamycin 
ld liquid disordered 
lo liquid ordered 
N- Amino- 
NBD- 6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino- 
o.n. over night 
PAGE polyacrylamide gelelectrophoresis 
PBS phosphate buffered saline 
PI(4,5)P2 Phosphatidylinositol-4,5-bisphosphate 
PMSF  Phenylmethylsulfonylfluorid 
PSM N-palmitoyl-D-sphingomyelin 
RT room temperature 
SDS Sodium dodecylsulfate 









Glycerolipids were abbreviated using the following scheme:  
DO Di-oleoyl- PC phosphatidylcholine 
DP Di-palmitoyl- PS phosphatidylserine 
DS Di-stearoyl- PA phosphatidylglycerol 
PO Palmitoyl-oleoyl- PG phosphatidic acid 
 
Amino acid exchanges were abbreviated using the following scheme: OXXZ 
O amino acid in the wildtype protein 
XX position of amino acid 
Z introduced amino acid 
Amino acids were abbreviated according to the common one-letter code. 
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1  Introduction 
1.1 The plasma membrane 
One of the major prerequisites for life is the ability to keep up chemical gradients against the 
environment. Hence one of the earliest steps in the evolution of life was the invention of 
selective permeable barriers [1]. As the most important nutrients like sugars, amino acids or 
ions are very hydrophilic such a barrier has to be hydrophobic to prevent diffusion across the 
barrier. Normally hydrophobic components are insoluble in an aqueous medium. This 
challenge is ideally solved by amphiphilic phospholipids, whose acyl chains are able to form a 
very tight hydrophobic core within a bilayer, while the hydrophilic headgroups provide at 
least poor solubility in aqueous medium and shield the core from noxious interactions. 
Furthermore these amphiphilic properties are a prerequisite for the self-assembly of bilayered 
structures (Fig. 1).  
 
Fig. 1: Structure of a simple phospholipid bilayer. The apolar acyl chains of the lipids form a 
hydrophobic core from which polar substances are mainly excluded, thus providing an excellent 
barrier against diffusion of such compounds. The polar headgroups of the lipids shield the 
hydrophobic core and by that permit the formation of stable phospholipid bilayers.  
Although a huge variety of different phospholipids with specific functions and properties exist 
in biological membranes, this basic building scheme is conserved. Two major types of lipids 
are found: On the one hand the glycerol based phospholipids which consist of a glycerol 
backbone which bears two acyl chains at position 1 and 2 linked via ester-bonds and at least a 
phosphate-ester at position 3. Different lipid types are discerned by different moieties linked 
to that phosphate yielding phosphate-diesters. The most prominent compounds are choline, 
ethanolamine and serine yielding phosphatidylcholine (PC), phosphatidylethanolamine (PE) 
and phosphatidylserine (PS) respectively. Also phosphatidylinositoles (PI) are found which 
are phosphorylated to a variable extent. On the other hand, for the sphingolipids sphingosine 
serves as the lipid backbone. The linkage to a fatty acid via an amide-bond yields a ceramide 
molecule. The addition of a phosphocholine headgroup to the ceramide leads to 
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sphingomyelin (SM) which is also a common component of plasma membrane of mammalian 
cells. For glycosphingolipids the phosphocholine moiety is replaced by carbohydrates or their 
acid derivatives. Apart from these lipids bearing long hydrocarbon chains also the sterols 
(especially cholesterol) belong to the lipids forming lipid membranes. Figure 2 gives an 
overview over the above mentioned types of lipids. 
 
Fig. 2: Molecular structures of common lipids in biological membranes. Charged moieties 
bearing negative (blue) or positive (red) charges are highlighted. 
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Bilayers formed of phospholipids resemble such a successful structural development that they 
can be found encasing each living cell ranging from bacteria to mammalian cells. While the 
basic layout is strongly conserved during the evolution, the lipid and protein composition is 
adjusted to fit the particular needs imposed e.g. by the environment. For example archaea 
which often populate extremophilic habitats, possess membranes of phospholipids in which 
the glycerol of the headgroup is linked to isoprenoid side chains via ether-bonds instead of 
acyl chains via ester-bonds. This feature renders these membranes more stable against 
distortion by high temperatures and also prevents headgroup hydrolysis. Although lipid 
membranes can keep concentration gradients that span over several orders of magnitude, they 
are quite vulnerable to mechanical stress, for instance exerted by osmotic pressure. While 
animals strictly regulate the osmolarity in their bodies, plants and single cellular organisms 
have developed supporting reinforced cell walls in order to cope with this challenge. Different 
chemical compounds are used for this purpose, ranging from peptidoglycan in bacteria to 
cellulose in higher plants or chitin in true fungi.  
Only in the last few decades it has become evident that the barrier function of the membrane 
is only one of many. Apart from keeping the cell interior of the cell separated from the 
environment the plasma membrane is now thought to provide also a specialized compartment 
within the cell where particular processes like metabolism (e.g. uptake of nutrients) and cell 
signaling take place. The mere restriction of the diffusion of membrane associated enzymes 
and signaling molecules to the two dimensional plane of the plasma membrane increases the 
local concentration of the interaction partners and facilitates – or initially makes possible – the 
tight and effective regulation of the involved processes. Apart from only providing a passive 
scaffold for receptors and other proteins the membrane lipids may also play an active role, 
contributing to signal transduction. For example, diacylglycerol formed after cleavage of the 
lipid headgroup of PIP2 by phospholipase C is a prominent second messenger [2]. Another 
very well studied feature is the loss of membrane asymmetry characterized by the appearance 
of phosphatidylserine at the extracellular leaflet of the plasma membrane as a signal of 
apoptosis. But not only single lipid species are involved in signaling, moreover the physical 
properties of the membrane like bilayer thickness or lateral pressure may also affect and 
therefore regulate the function of membrane proteins (for a review see Marsh (2008) [3]). 
Additionally, new studies reveal that a complex regulation network controls signaling and 
traffic at the plasma membrane [4,5,6,7,8,9]. Presumably these interactions are also mediated 
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by the presence of lipid heterogeneities in the plasma membrane [10,11,12]. The so called 
“Rafts”, which are supposed to be enriched in phospholipids and (glyco)sphingolipids with 
long saturated fatty acids, are segregated from non-Raft domains which are mainly formed by 
phospholipids with unsaturated acyl chains. Despite their first description dating from over 
three decades ago their exact nature is still elusive [13,14,15]. Initially, rafts were defined on 
the basis of their resistance to extraction by Triton X-100 at 4°C [16,17], while meanwhile 
these methods are thought to artificially induce rafts in the membrane [18,19,20]. As in 
normal cells these domains seem to be very small and their detection is often difficult, the 
driving force for the formation of rafts still discussed. On the one hand lipid-lipid interactions 
which are capable to cause large scale lipid domains in model membrane systems (see 1.3) 
can induce such lipid domains and enrich certain proteins in such preformed lipid domains 
due to preferential protein-lipid interactions [3]. On the other hand membrane heterogeneities 
could also be triggered by the enrichment of certain lipid species around the transmembrane 
domains or membrane anchors of proteins or protein clusters triggered by direct protein-
protein interactions [21]. What is cause and what is effect remains yet elusive and is refered to 
in recent research (for reviews see Hancock, (2006) [22] and Jacobson et al. (2007) [23]). 
Furthermore compensative effects are present as in the plasma membrane naturally these 
domains are very small due to interactions of membrane proteins with the scaffolding 
cytoskeleton what creates obstacles to lipid diffusion and prevents the demixing of 
phospholipids. This has been corroborated by simulations and direct experiments [24]. Large 
scale lipid separation is observed, if the plasma membrane becomes detached from the 
cortical cytoskeleton and forms so called “membrane blebs”, although no separation in 
domains is found when looking at intact cells [25]. In contrast to that, segregated lipid 
domains large enough to be seen in an optical microscope can be found in certain cell types 
like activated platelets or T-cells [26,27,28,29,30,31]. A cooperative action of the mechanisms 
described above comprehensively explains how lipid rafts are able to regulate the activity of 
membrane proteins and steer the formation of such large scale signaling platforms. In fact, by 
the exertion of a tight control of the local concentration of signaling proteins and their 
downstream effectors, membrane signaling can be effectively regulated. The other way round, 
also the activity of some proteins like phospholipases or sphingomyelinases can influence the 
properties of the plasma membrane and also lipid domains by altering the tightly controlled 
lipid composition [29].  
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These findings clearly show that the “fluid mosaic model” proposed by Singer and Nicholson 
(1972) [32] is not valid when portions of the plasma membrane at the µm-scale are concerned. 
While on a very small scale (approx. 10 nm) lipids and proteins are able to diffuse freely, their 
diffusion may be hampered by raft boundaries and proteins anchored to the cytoskeleton 
[33,34,35]. This is in good agreement with a model in which proteins embedded in a tightly 
packed cellular membrane with all different sorts of lipid domains and membrane proteins 
communicate not only by inter-protein interactions but also via their specific distribution into 
lipid domains (see Fig. 3 and a review by Kusumi and Suzuki (2005) [36]).  
 
Fig. 3: Proposed models for the organization of the plasma membrane. Membrane proteins 
(light grey) can span both leaflets of the membrane or be peripherally associated. (A) Fluid 
mosaic model proposed by Singer and Nicholson (1972) [32]. Membrane proteins can diffuse 
freely within the membrane plane. (B) Recent models include obstacles to diffusion caused by 
lipid domains (rich in saturated lipids and cholesterol) and “fences” formed by the cytoskeleton 
and the associated membrane proteins (dark grey). Free diffusion is possible only on a 
nm-scale (for a review see Kusumi and Suzuki (2005) [36]). 
Hence, to understand the role of lipid domains in protein-protein interactions it is challenging 
to unravel the mechanisms underlying the lateral sorting and organization of integral and 
peripheral membrane proteins. As native plasma membranes are a very complex system and 
lipid domain separation often is very hard to detect in live cells, model membrane systems 
offer a simple and versatile tool to study protein-lipid interactions and the properties of 
phospholipid membranes. In this work for instance the domain dependent membrane 
interaction of α-synuclein is studied by using Giant unilamellar vesicles (GUV) which show 
lipid domains on a µm-scale. 
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1.2 Model membrane systems 
In order to study phospholipid membrane properties and in particular lipid-lipid and 
protein-lipid interactions several model systems have been developed which all have specific 
advantages and drawbacks. In general these systems can be grouped into two different classes, 
depending on the topology of the membrane. In the first type of systems the membrane forms 
planar structures, while in the second type it gives rise to vesicular structures.  
The simplest system originates from phospholipids on the air-water interface which form a 
single monolayer (Fig. 4 A). Lipid domain formation can be studied by fluorescence 
microscopy and fluorescence correlation spectroscopy (FCS), which can be used to measure 
particle diffusion. The incorporation of substances from the aqueous buffer into the lipid 
monolayer can be followed by the change of the surface tension using a Wilhelmy plate. 
Combining two monolayers gives rise to a bilayer which can exist freestanding covering an 
orifice, and that makes this system perfectly suited to measure membrane conductivity, 
channel- or pore-formation. It is also possible to deposit these symmetric or asymmetric 
bilayers on solid matrices. In order to maintain the fluidity in both leaflets of the deposited 
bilayer, the bottom layer can be anchored to the surface using certain lipids which are 
connected to a polymer cushion. If only a single bilayer is formed, domain formation can be 
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Fig. 4: Sketches of different planar lipid model systems. Domain formation in these bilayers 
can be easily visualized by using fluorescence microscopy or AFM. For each image the used 
fluorescent lipid analogue is indicated. (A) Floating lipid monolayer (DPPC/dihydrocholesterol = 
84/15; 1 % Texas Red-DPPE) showing distinct DPPC domains in which the dye is enriched 
(Perkovic and McConnel (1997) [37]). (B) Symmetric bilayer (DOPC/SSM/Chol/GM1 = 
34/34/30/2; 0.2 % C6-NBD-PC) on a solid matrix showing identical non circular fluid domains in 
the AFM and fluorescence image. C6-NBD-PC is enriched in liquid disordered (ld) domains. 
Domains can also be distinguished by their different bilayer thickness using AFM 
(Shaw et al. (2006) [38]). (C) Asymmetric tethered bilayer (bottom leaflet: PC/SM/Chol/tether = 
39/39/19/3; 0.02 % Rh-DPPE; top leaflet: PC/PE/PS/Chol ≈ 27/27/27/20; 0.5 % NBD-DMPE) 
showing circular fluid domains in both leaflets. Rh-DPPE enriches in ld domains, while 
NBD-DMPE is excluded from these. Complete overlap of domains shows transbilayer coupling 
(Kiessling et al. (2006) [39]). 
In addition, the binding of proteins to such membranes can be assessed by the surface 
plasmon resonance (SPR) assay. It is even possible to study structural changes of proteins 
bound to the phospholipid membrane by using attenuated field fourier transform 
IR-spectroscopy (ATF-FTIR). If not only one bilayer but a whole stack of membranes is used, 
membrane structure and lipid dynamics can be investigated by several methods like neutron 
or X-ray scattering or magic angle spinning solid phase NMR.  
In contrast to these planar membrane arrangements, vesicular structures with a huge variance 
in size are common in biological systems. Typical diameters span from several nanometers in 
synaptic vesicles over the micrometer regime of mammalian cells to huge amoebae which can 
reach diameters of several hundred micrometers. It should be noted that also in these large 
cells there may exist regions with high membrane curvature (e.g. filopodiae, invaginations of 
mitochondria) which show membrane properties otherwise typical for much smaller 
membrane systems (Fig. 5). 
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Fig. 5: Size comparison of common vesicular lipid model systems. Shown biological 
objects, diameter of vesicles and lipid bilayer thickness are to scale. Bilayer thickness is 
assumed as 5 nm. 
In a homologous way also vesicles with different diameters over three orders of magnitude 
can be produced. Apart from multilamellar vesicles which are circumvented by more than one 
phospholipid bilayer, unilamellar vesicles consisting of a single bilayer are commonly used as 
lipid model system. The smallest of those vesicles, so called SUV (Small unilamellar 
vesicles), consist only of several hundred lipid molecules and have diameters of several nm. 
Because of their small size the ratio between the thickness of the phospholipid bilayer and the 
vesicle diameter is large, leading to high curvature stress. Thus these vesicles can be used to 
study the effects of membrane distortions. The vesicles also have a high propensity to 
aggregate to relieve membrane stress.  
Approximately one order of magnitude larger (common diameters: 100 nm - 200 nm) are the 
so called LUV (Large unilamellar vesicles). So LUV may resemble intracellular vesicles like 
lysosomes or other trafficking vesicles. Because of their larger size this type of vesicles is 
much more stable and tightly sealed. This makes the LUV an ideal tool to study 
e.g. disturbing effects of certain proteins or lipids. In addition membrane organization or lipid 
flip-flop or transporter activity of reconstituted membrane proteins can be studied [40]. In 
general LUV are ideally suited for fluorescence or electron paramagnetic resonance 
experiments.  
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The largest vesicles which are readily available are the so called GUV (Giant unilamellar 
vesicles) with diameters up to several tenths of micrometers. Because of their size these 
vesicles can be easily visualized by optical microscopy. So, shape changes induced by the 
incorporation of phospholipids or their conversion can be directly traced [41,42,43]. Also 
direct observation of membrane permeabilization is possible [44]. GUV made from 
appropriate lipid mixtures show the formation of laterally segregated domains. It is possible to 
visualize these domains by fluorescent compounds, with distribution coefficients or physical 
properties like fluorescence lifetime or general polarization, dependent on the different 
domains [26,31,45,46,47,48,49,50]. Eventually this approach provides the opportunity to 
investigate the domain specific binding of fluorescently labeled proteins [51,52,53].  
 
1.3 Lateral lipid segregation 
Membranes may not only consist of a single type of phospholipid but of a complex mixture of 
different kinds of phospholipids. As these differ not only in their headgroups but also in the 
length and/or saturation grade of the fatty acid chains, lipids show different chemical and 
physical properties like charge of the headgroup, lipid shape or melting temperature. 
Especially differences in the melting temperatures of lipids can drive their lateral separation 
into distinct lipid domains. Below their phase transition temperature lipids are in the gel phase 
exhibiting an ordered arrangement into a two-dimensional lattice with their acyl chains 
mainly in the all-trans configuration [54]. At temperatures higher than the transition 
temperature this lattice “melts” and the lipids are free to show a fluid behavior, what means 
that single lipids are able to diffuse freely with their acyl chains being mostly disordered. In 
that case the lipids form the so called liquid disordered (ld) phase. The addition of cholesterol 
to lipids can induce another lipid phase, the so called liquid ordered (lo) phase which shows 
characteristics of both phases described above. While the lipids are still able to diffuse freely 
in the lo phase a greater degree of ordering is present caused by the intercalation of the 
cholesterol between the acyl chains of the lipids, leading to more stretched configurations. 
Again, this phase can melt to form a ld phase above a certain transition temperature. In 
Figure 6 different lipid phases of bilayers are sketched. 
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Fig. 6: Common phases of lipid bilayers. Lipid bilayers are in different phases depending on 
temperature and composition. Below a lipid specific melting temperature (Tm) lipids form a 
two-dimensional crystal phase (gel phase). The presence of a certain amount of cholesterol 
leads to an increased fluidity (lo phase). With the transition above Tm the degree of ordering 
decreases and another phase (ld phase) is formed. 
A well studied lipid system showing complex phase behavior consists of a mixture of an 
unsaturated phosphatidylcholine like POPC or DOPC in combination with a saturated 
phosphatidylcholine or sphingomyelin and cholesterol. For example at 30 °C lipid mixtures 
made from saturated (DPPC) and unsaturated (DOPC) phosphatidylcholine will separate into 
a ld phase consisting mainly of DOPC and a gel phase consisting of DPPC, because of the 
different states of order of the lipids. With a melting temperature (Tm) of about -19 °C [55] 
DOPC is in the ld phase at 30 °C, where the phospholipids are in a fluid state and show a fast 
diffusion. This low phase transition temperature is caused by the C-C double bonds in the 
fatty acid chains, which increase the flexibility of the lipid and favor less condensed lipid 
packing. In contrast the fatty acid chains of DPPC are completely saturated and therefore 
quite stiff, leading to a much higher melting temperature for the liquid-gel phase transition 
(Tm = 42 °C) [55]. Hence at 30 °C the DPPC lipids form a gel phase in which the fatty acid 
chains are tightly packed and lateral diffusion is reduced.  
The presence of cholesterol significantly changes the behavior of the then ternary lipid 
system. Due to the small hydrophilic portion of the molecule which is not large enough to 
cover the hydrophobic sterol rings and shield them from the aqueous environment, pure 
cholesterol is not able to form a bilayer by itself but will form crystals in solution instead. 
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In the presence of phospholipids cholesterol will mix with these, as the large lipid headgroups 
are able to cover also the hydrophobic part of the cholesterol molecule. This explanation is 
often referred to as the “umbrella model”. This model was corroborated by the finding that a 
sphingomyelin lacking the three methyl groups at the choline nitrogen is incapable to support 
the incorporation of cholesterol [56], while the length of the fatty acid chains is not of great 
importance [57]. Interaction of cholesterol with the fatty acid chains of phospho- or 
sphingolipids leads to an increased degree of order and thus to a more stretched configuration 
of the fatty acid chains, responsible for an increased bilayer thickness. This condensation of 
phospholipids is much more favorable in the case of stretched fatty acid chains of saturated 
phospholipids compared to the kinked chains of unsaturated lipids, leading to the enrichment 
of cholesterol in such lipid phases [58]. These interactions are the cause of the formation of a 
liquid ordered instead of a solid gel phase above a certain cholesterol threshold. Additionally 
also the type of headgroup, length of the acyl chain and other factors can lead to preferential 
interactions between lipids, so certain lipids tend not to mix ideally with each other but form 
distinct laterally segregated lipid domains in which one lipid or the other is enriched.  
The coexistence of these different domains does not only depend on the lipid composition but 
also on the temperature. As separated lipid domains formed by lipids being in different phases 
are entropically unfavorable, increasing the temperature above a certain level leads to a phase 
transition of the gel or lo phase and the formation of a single homogeneous ld phase in which 
the lipids are ideally mixed.  
As the formation and the disintegration of laterally segregated lipid domains is thought to play 
a role in signaling at the plasma membrane of cells many studies have been undertaken to 
investigate the underlying factors driving phase separation in phospholipid bilayers. 
Especially the before mentioned model system (GUV) has been excessively studied by using 
different techniques. The formation of laterally segregated lipid domains larger than a few 
hundred nanometers can be easily studied by fluorescence microscopy. The addition of 
fluorescent probes which specifically enrich in ld or lo lipid phases allows the facile 
identification of the respective lipid domains. Additional information on the actual condition 
of a certain lipid phase can be gained for example out of the domain shape. Domains in the 
gel phase often show elongated forms which do not change over time while fluid phases 
(ld and lo) show a round shape and tend to coalesce as the lipids try to minimize the energy 
associated with the line tension between different domains (Fig. 7).  
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Fig. 7: Lipid domains show phase dependent morphology. (A) Image of the top hemisphere 
of a GUV (DOPC/SSM/Chol = 1/1/1) taken by epifluorescence microscopy. This lipid mixture 
shows a ld-lo-phase coexistence. The red fluorescent N-Rho-EYPE is enriched in the ld domain. 
The dark liquid lo domains show nearly circular shapes. (B) Image of the top hemisphere of a 
GUV (DLPC/DPPC = 60/40) reconstructed from z-stacked confocal images (Korlach et al. 
(1999) [45]). Solid gel-phase DPPC domains (labeled by DiI-C20; red) are clearly separated from 
liquid disordered DLPC domains (Bodipy-PC; green) and show irregular shapes. White bars 
correspond to 2 µm (A) and 10 µm (B), respectively. 
In addition the domain dependent diffusion of lipids or proteins can be studied by using 
methods like FCS, recovery after photobleaching (FRAP) or single particle tracking (SPT) 
[45,59,60,61]. By these means it is also possible to study asymmetric phospholipid bilayers 
which are more similar to biological membranes, assessing issues like the question if a 
strongly segregated leaflet can induce domains in its opposing counterpart [39,62]. This is of 
special interest, as in the asymmetric plasma membrane of mammalian cells presumably only 
the extracellular leaflet which is enriched in sphingomyelin is able to form lipid domains, 
while the cytoplasmic leaflet, rich in unsaturated phosphatidylethanolamine and 
phosphatidylserine, should not show such a propensity [63]. Therefore the mechanism is still 
in question by which information generated by the formation of rafts in the outer leaflet is 
transmitted to the cell interior, where downstream signaling proteins are peripherally 
associated. A discussed model for example is the induction of lipid domains opposite to those 
formed in the outer leaflet [39,62]. In general such studies based on fluorescence microscopy 
are performed on supported or freestanding bilayers or GUV.  
The drawback of all microscopic approaches is the limited resolution of the optical 
microscope. Hence the visualization of lipid domains which are smaller than the resolution 
limit of about two hundred nanometers stays elusive. However techniques based on 
fluorescence lifetime analysis are able to breach this limit, as they do not rely on the 
localization of the fluorescent probe and its distribution between different lipid domains. 
Instead it is possible to measure certain physical parameters like the stability of the excited 
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state which is dependent on the incorporation of the probe in a certain membrane domain. Yet 
different domains which are localized in the same focal spot can be identified as the 
fluorescence lifetime decay will show the characteristic components typical for the lipid 
environment surrounding the respective probe [64]. Other fluorescence based methods for the 
detection of domain formation rely on the Förster resonance energy transfer (FRET) between 
two different lipid membrane probes (for reviews see Heberle et al. (2005) [65] and Silvius 
and Nabi (2006) [66]). In short, this approach is based on the change of the local 
concentration of the probes which occurs when laterally separated lipid domains are formed. 
If both fluorescent probes reside in the same phase an increase in the FRET-signal will be 
detected as the local concentration of the probes increases causing a decreased average donor-
acceptor distance. If the probes preferentially distribute to different domains the FRET-signal 
will be weaker due to the separation of donors and acceptors [67,68,69,70,71]. The size 
resolution of this approach is on the scale of tenths of nanometers, as the detection of smaller 
domains is hampered by the fact that probes in neighboring domains can exchange energy 
when their distance comes into the range of the Förster radius. Smaller domains can be 
resolved only by methods which detect changes of physical parameters of the membrane 
probes caused by the state of the surrounding lipids. Beside the before mentioned 
fluorescence lifetime approach additional techniques can be used which directly measure the 
degree of order in the lipids. For instance the hyper-fine splitting of spin-labeled probes 
determined with electron paramagnetic resonance (EPR) spectroscopy depends on the 
interactions with neighboring lipids. Direct measurement of the order parameters of lipids is 
also possible by 2H-NMR [72] or small angle X-ray scattering techniques [73]. Indeed, these 
approaches are not limited by the size of the lipid domains but depend only on the domains to 
persist for the duration of the measurement. Furthermore bilayers deposited on a solid matrix 
can also be investigated by using AFM or ion beam mass spectrometry [38,74]. The 
visualization of lipid domains below the optical resolution in this case relies on the 
differences of height of the different domains or their different lipid composition. A drawback 
of these techniques is that most of them require specifically prepared model systems which 
are often quite artificial. For instance only the fluorescence lifetime and the EPR approaches 
are readily applicable to measurements of whole cells. Of these two only the fluorescence 
lifetime based method, using the fluorescence lifetime imaging microscopy (FLIM) 
technique, offers imaging of the sample allowing a straightforward isolation of the signal 
originating from the plasma membrane. 
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1.4 α-Synuclein and Parkinson’s disease 
1.4.1 Parkinson’s disease 
Parkinson’s disease is a degenerative neuronal disease which affects about 1 - 2 % of the 
population at an age above 65 years [75]. The most prominent symptom of the disease is a 
tremor of hands and limbs with a slow frequency especially severe in the resting state. The 
decrease in the shaking when the affected body part is deliberately moved was already 
observed by James Parkinson who described the illness for the first time in his essay 
“An Essay on the Shaking Palsy” in 1817 [76]. Additional general motor symptoms include 
stiffness, caused by an increased muscle tone, slow movements and reduced reflexes. 
Normally the first symptom to appear is the tremor. Due to the progressive character there is 
no sudden starting point of the illness, instead the symptoms are very faint in the beginning, 
often unnoticed, normally occurring unilaterally on one side of the body. During the 
progression of the disease the patients are more and more severely affected and the whole 
body is involved. Additional symptoms which are not directly associated with motor functions 
amongst others include sleeping disorders, depressions and also cognitive impairments.  
On the physiological level the cause of the disease is a severe loss of neuromelanin containing 
dopaminergic neurons especially in the substantia nigra pars compacta. These neurons 
normally are involved in the control of motor processes, thus it is clear that the impairment of 
this regulatory function leads to the observed symptoms (Fig. 8). As a loss of neurons is 
irreversible there is up to now no cure for the Parkinson’s disease. In addition, since the 
cellular mechanisms (see 1.4.2) which lead to the neuronal loss are not understood in detail, 
therapies are only able to ease the symtoms, but cannot stop the progression of the disease.  
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Fig. 8: Regions of the brain affected with Parkinson’s disease. (A) A section of the brain is 
sketched (adopted from Farrer (2006) [77]). Areas with loss of neurons are shaded in grey. 
Affected areas are evident from microscopy by depigmentation due to neuronal loss and the 
presence of Lewy Bodies (see B and 1.4.4). (B) Neuronal cell with protein aggregates 
(Lewy body; arrow). Brain section stained with hematoxylin-eosin. Image taken from 
Ohama and Ikuta (1976) [78].  
Since primarily dopaminergic neurons are affected in the disease, the drugs used for therapy 
aim to compensate the reduced dopamine levels in the brain. As dopamine itself can’t be 
administered, not being able to cross the blood brain barrier, one way to increase the 
dopamine levels is to provide a progenitor molecule which is able to cross the blood brain 
barrier and is afterwards metabolized to dopamine. For that purpose L-DOPA 
(3,4-dihydroxyphenylalanine) can be used which is converted in one step into the active 
dopamine. To prevent the loss of the drug due to conversion into dopamine taking place in the 
periphery a DOPA carboxylase inhibitor is combined with the drug. Further approaches aim to 
stimulate the intrinsic dopamine production or reduce dopamine degradation by inhibition of 
monoamine oxidases. In severe cases which are not sufficiently treatable by drug therapy 
deep brain stimulation of brain regions affected by the disease can be used to ease symptoms. 
 
1.4.2 Origin of the Parkinson’s disease 
In most cases of patients suffering from Parkinson’s disease no specific cause is known. So 
the disease is normally considered to be idiopathic. In addition certain environmental and 
genetic factors have been identified which can lead to Parkinsonism and the observed 
symptoms. Apart from MPTP (1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine), which is 
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known to induce Parkinson’s disease in cases of drug abusers [79], especially certain 
pesticides are suspected to be able to induce the disease [80]. In a rodent model of the 
Parkinson’s disease the pesticides paraquat and rotenone are able to evoke the typical 
symptoms after administration [81,82]. These compounds have in common that they interact 
with the complex I of the respiratory chain, blocking the generation of ATP producing reactive 
oxygen species at the same time. Especially dopamine producing neurons are damaged, as 
these express the dopamine transporter which transports the toxic product of MPTP (MPP+) 
into these cells. This uptake pathway can also be imagined for paraquat which has a similar 
structure. In addition to the idiopathic and toxin caused cases, Parkinson’s disease can occur 
cumulatively in certain families indicating genetic risk factors. Several gene loci associated 
with the disease have been found. While in some cases the affected genes have been 
identified, the cause in other cases is still unclear. Affected genes can be grouped into 
different classes according to their function. While two mitochondria linked proteins 
(PINK1 and HTRA2) and an additional kinase (LRRK2) have been identified, another group 
of genes is linked to the proteosomal degradation pathway. Genes from all associated 
processes like ubiquitin ligation (Parkin) and hydrolysation (UCH-L1) as well as a protein 
with chaperone and antioxidential function (DJ-1) have been found (Fig. 9). For reviews see 
Farrer (2006) [77], Thomas (2007) [83] and Mizuno, et al. (2008) [84]. 
 
Fig. 9: Regulatory network associated with the development of Parkinson’s disease. 
Genes which have been identified to be associated with inherited forms of Parkinson’s disease 
are shown in blue. Processes in which these factors are involved form an intersecting regulation 
network. Stimulating correlations are indicated by green arrows while inhibiting correlations are 
indicated by red lines with blunt ends. The image is adopted from Thomas (2007) [83]. 
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In addition, α-synuclein, a protein whose function to date is not known, seems to play a major 
role for the development of the disease. It has been reported that gene triplication and certain 
point mutation leading to single amino acid exchanges (A30P, A53T and E46K) can lead to 
the observed accumulation of Parkinson’s disease cases in affected families [85,86,87]. Also 
polymorphisms of the α-synuclein gene are associated with the Parkinson’s disease [88]. The 
link between α-synuclein and Parkinson’s disease becomes especially evident, when the fact 
is taken into account, that intra- and extracellular deposits of α-synuclein aggregates in the 
form of amyloid fibrils are found in brains of patients who have died of the disease. 
 
1.4.3 α-Synuclein 
α-Synuclein is a small soluble protein. The main splicing variant consists of 140 amino acids 
(aa) and is preferentially expressed in the brain. Also shorter isoforms (126 aa, 112 aa, 98 aa) 
exist which are differentially expressed in different brain regions and non-neuronal tissues 
[89,90]. Beside α-synuclein two additional proteins with similar sequence named β-synuclein 
and γ-synuclein belong to the family of synucleins. All these proteins have in common that 
they lack a defined secondary and tertiary structure in solution and therefore belong to the 
class of intrinsically disordered proteins. The sequence of α-synuclein is highly conserved 
among different species [91]. Although α-synuclein is lacking a defined protein fold its 
hydrodynamic radius is too small for a 140 aa polypeptide being in the random coil state. 
Thus this compaction of the protein is a hint at residual structure in α-synuclein. Indeed long 
range interactions between the N-terminal part and the C-terminal part have been found by 
NMR-spectroscopy [92]. In the protein three “domains” with different characteristics can be 
identified. The N-terminal part (residues 1 to 63) of the protein consists of five imperfect 
amino acid repeats which contain a highly conserved hexameric sequence motif (KTKEGV). 
This sequence motif is also found in the lipid-binding domain of apolipoproteins [91,93]. The 
different “domains” of α-synuclein and their specific properties are indicated in Figure 10. 
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Fig. 10: “Domain”-structure of α-synuclein. Roughly, α-synuclein contains three regions with 
different properties. The N-terminal part (aa 1-63) mainly consists of five 11-amino acid repeats 
which share homologies with apolipoprotein-like class-A2 amphipathic α-helices. The central 
part (aa 63-100) is highly amyloidogenic and is responsible for the transition of α-synuclein from 
random coil to β-sheet structure. The first 97 aa form an α-helix upon membrane binding, while 
aa 30-100 form the core of α-synuclein fibrils. The C-terminal part (aa 100-140) is very acidic 
and remains unstructured even upon membrane binding. In addition, the mutations known to 
cause PD are shown above the sketched structure. Below the introduced aa-change for protein 
labeling is indicated. 
Upon binding to phospholipid membranes or SDS-micelles, the first one hundred amino acids 
of α-synuclein form an amphipathic α-helix [94,95,96,97,98]. This helical region is divided in 
two antiparallel helices separated by an unstructured eight amino acid long loop. In the NMR-
structures of α-synuclein bound to SDS-micelles such a loop can be seen (Fig. 11) [97,98,99]. 
Also EPR-experiments using physiologically more relevant small unilamellar vesicles report a 
broken helix [100,101]. The break in the helix is presumably due to the small diameter of 
SDS-micelles or SUV forcing the α-synuclein to form two separate helices, since wrapping 
one single helix around the micelle or vesicle would induce a lot of bending stress. Indeed, in 
molecular dynamic simulations with planar lipid bilayers harboring negatively charged 
phospholipids one straight single helix was observed [102]. A NMR-structure of α-synuclein 
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Fig. 11: Model of α-synuclein bound to a SDS-micelle. The N-terminal part of α-synuclein 
forms two antiparallel helices (red; aa 3-37; aa 45-92) and wraps around the SDS-micelle. The 
linker between the helices and the C-terminal tail (aa 97-140) are mainly unstructured (green). 
α-Synuclein structure was calculated from pdb entry 1XQ8 [97]. 
In 1993 Ueda et al. discovered a 35 amino acids long peptide in the amyloid deposits formed 
in the brain of patients who had died of Alzheimer’s disease. This peptide was termed 
“Non-Aβ component (…)”, in short NAC [103]. They were also able to identify the 
corresponding full length precursor protein which later was named α-synuclein after its 
homologue in rat. The NAC-peptide comprises residues 61 to 95 of α-synuclein and is the 
most hydrophobic part of the protein. The peptide shows a strong propensity to form 
β-amyloid structures, which is also transmitted to the full length α-synuclein. While deletion 
of a short amino acid sequence from the core of the NAC region (residues 71 to 82) [104,105] 
or the introduction of proline residues [106] strongly reduces the predisposition of α-synuclein 
to form aggregates, the introduction of this sequence into β-synuclein, which is naturally not 
prone to aggregation, is not sufficient to induce fibril formation. Rather the whole N-terminal 
part of α-synuclein (residues 1 to 96) is required to evoke a propensity toward amyloid 
fibrillization in the α-synuclein/β-synuclein chimera [107]. Studies on α-synuclein fibrils have 
shown that approx. the residues 30 to 100 will form the fibril core consisting of five 
antiparallel β-strands running perpendicular to the fibril axis [108,109,110,111,112,113,114]. 
In contrast to the N-terminal part of the protein the C-terminal region (residues 103 to 140) is 
rich in anionic amino acids and prolines. This part of the protein remains unstructured even 
after binding to membranes and a specifically folded structure has not been observed [94,97]. 
Nevertheless this part may serve as binding site for interaction partners of α-synuclein or 
divalent cations. E.g. the N- and C-terminal regions of α-synuclein are required for the 
formation of mature fibrils from protofibrils formed by the core region [113]. In addition long 
range contacts between the C-terminal and N-terminal part of the protein have been shown, 
which are supposed to exert a stabilizing effect on the native structure of α-synuclein by 
shielding the NAC-region and therefore protecting the protein from aggregation [115,116]. 
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In fact interruption of these interactions by the binding of polycations, heating or the known 
pathogenic mutations (A30P, A53T) leads to a higher aggregation propensity of the unfolded 
α-synuclein [117,118,119]. This is consistent with the finding that α-synuclein is more prone 
to aggregation when the C-terminal part of the protein is deleted [105,120,121,122,123]. 
Although α-synuclein is a very abundant protein accounting for about 0.5 - 1 % of total 
soluble protein in neurons, the exact physiological function has not yet been identified [124]. 
The lack of a defined structure in solution may allow α-synuclein to bind to several different 
partners of interaction. Due to this large flexibility the protein seems to be involved in many 
different pathways. E.g. α-synuclein is found associated with synaptic vesicles [125,126,127] 
or terminals [128,129]. α-Synuclein also seems to play a role in the regulation of the 
trafficking of cytoplasmic vesicles, since the protein can inhibit the vesicular transport from 
endoplasmatic reticulum (ER) to the Golgi [130,131]. Genomic screens have shown that 
about one-third of the genes which have an influence on the toxic effect of α-synuclein are 
associated with pathways like lipid metabolism or vesicle transport. In addition, deletion or 
overexpression of α-synuclein in mouse neurons caused alterations of the lipid metabolism 
and changed the composition of cellular membranes [130,132,133,134]. In a mouse system 
α-synuclein is also able to rescue a phenotype with motor degenerations caused by deletion of 
cysteine string protein α (CSPα), probably by interactions with the SNARE-machinery 
[135,136]. α-Synuclein also seems to be involved in the regulation of the neurotransmitter 
release, as it is seems to control priming of synaptic vesicles [137,138,139]. Apart from these 
more or less specific interactions at the presynaptic terminal, α-synuclein shows a broad range 
of interactions with lipid structures ranging from biological vesicles [140,141,142,143] and 
certain parts of the plasma membrane [128] to artificial phospholipid bilayers 
[144,145,146,147,148,149] or detergent micelles [97,98,150] (for reviews see Uversky, 
(2007) [151] and Beyer (2007) [152]). 
In the case of negatively charged multilamellar vesicles it has been shown that α-synuclein 
does not only bind laterally to the membrane but also destabilizes the vesicles and induces the 
formation of small vesicular structures [148]. Also in planar membranes α-synuclein is able to 
induce defects [153,154]. To the contrary, α-synuclein is able to change the degree of order of 
the lipids when bound to uncharged small unilamellar vesicles, probably “healing” lipid 
packing defects [146,152]. Apart from that, membrane bound α-synuclein also has a 
protective effect on unsaturated phospholipids by the prevention of oxidative damage [155]. 
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To sum up, these findings propose that α-synuclein on the one hand can have a deleterious 
effect on membranes explaining the observed permeabilization of vesicles (see 1.4.4), but 
may on the other hand prevent premature vesicles fusion due to an increase in the stability of 
vesicles in the cells.  
Apart from direct binding to phospholipid membranes α-synuclein also interacts with proteins 
at the membrane. For example membrane bound α-synuclein strongly inhibits the 
phospholipase D2 [156]. A lot of additional potential partners of interaction have been 
identified in direct interaction studies (for a review see Dev et al. (2003) [157]) or a proteomic 
search [158]. Whether α-synuclein is involved in metal cation homeostasis or binding of these 
cations influences disease progression remains to be elucidated (for reviews see Brown (2007) 
[159] and Wright and Brown (2008) [160]). In any way, a specific function of α-synuclein has 
not been identified yet. α-Synuclein rather seems to be involved in a vast network of cellular 
signaling pathways. Due to the complexity of this network cause and effect are difficult to 
assign, so the exact function of α-synuclein remains to be elucidated. The manifold 
interactions of the protein with phospholipid vesicles and membrane structures suggest that 
α-synuclein plays an important role in the regulation of vesicle transport and fusion processes. 
 
1.4.4 The link between α-synuclein and Parkinson’s disease 
Although the exact physiological function of α-synuclein is still unknown, there is a clear 
established link that the protein is involved in the noxious events leading to the development 
of Parkinson’s disease. A very prominent feature here is the development of 
extra- (Lewy bodies; Fig. 8) or intra-cellular (Lewy neurites) deposits which are mainly 
composed of amyloid fibrils consisting of misfolded α-synuclein, which can be found in the 
brains of patients who had died of the disease [161]. Mature fibrils are formed by a pathway 
involving the formation of partially folded monomeric intermediates, oligomers and 
protofibrils [162,163,164,165,166]. While early spherical oligomers still contain a significant 
amount of α-helical structure, along this pathway an increase in the β-sheet content occurs 
[167]. While stabilization of unfolded and α-helical structures can prevent fibrillization [168], 
partially folded structures promote formation of larger oligomers and fibrillization [169] 
(for a review see Uversky and Fink (2004) [170]). Also the presence of peptidyl-prolyl-
isomerases which promote structural changes enhances fibrillization [171,172]. Mature fibrils 
are formed from pleated β-sheets as directly shown by structural investigations and the 
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binding of Thioflavin and β-amyloid specific antibodies. Although it is finally not exactly 
known which folding state – monomer, oligomer or mature fibril – of α-synuclein is the toxic 
agent, several studies indicate that oligomers and prefibrillar aggregates are especially 
noxious for neurons [173,174] (Fig. 12). 
 
Fig. 12: Overview of proposed pathways involved in α-synuclein toxicity during 
development of PD. Various enhancing (green arrows) and inhibiting (red lines with blunt ends) 
factors contribute to the noxious effects (blue) leading to the death of dopaminergic neurons. 
For detailed description see 1.4.4 and accompanying references.  
Hence, factors influencing the aggregation behavior of α-synuclein could give important clues 
to the cause of the disease. It has been shown that α-synuclein with the point mutations A30P, 
A53T and E46K shows an increased propensity to aggregation [175,176]. While the A53T and 
E46K variants exhibit faster fibrillization kinetics compared to the wildtype, the A30P variant 
forms amyloid fibrils at a slower rate [175,177,178,179]. Aggregation rate and morphology of 
oligomers and fibrils also can be influenced by the presence of heavy metal ions like iron or 
copper [180,181,182] or oxidized α-synuclein species [183,184]. Also the ubiquitination of 
α-synuclein can enhance the formation of aggregates [185,186,187]. Moreover the 
aggregation propensity is influenced when α-synuclein is bound to negatively charged 
phospholipid membranes. Here the protein to lipid ratio is of importance, as conditions where 
α-synuclein is in excess enhance the fibrillization while an excess of lipids has a stabilizing 
effect [188,189]. In biological membrane systems membrane interactions also may trigger the 
formation of aggregates [141]. Here also the cholesterol level can have an effect on the 
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aggregation [190]. Apart from that, the pathogenic mutations play a role, as the wildtype 
α-synuclein bound to synaptosomal membranes is more prone to aggregation, while 
aggregation is inhibited in the case of the A53T variant [191]. Not only is α-synuclein 
aggregation altered by membrane interactions, also the reverse is true, since the aggregation 
state of the protein is of importance for the interaction with membranes. While the monomer 
is quite benign, especially oligomeric forms and protofibrils of α-synuclein are able to disturb 
phospholipid membranes [178,182,189]. Some of these aggregates show a pore-like structure 
similar to that known for β-sheet pore-forming toxins [192,193,194,195] and are responsible 
for the observed permeabilization of membranes [196,197,198]. By a similar mechanism 
α-synuclein oligomers should be able to disturb biological membranes in cells, like the plasma 
membrane or synaptic vesicles. This hypothesis is corroborated by the finding that the plasma 
membrane of cells transfected with the pathogenic α-synuclein variants A30P and A53T 
shows a higher permeability for ions. Additionally the Ca2+-homeostasis seems to be impaired 
in these cells [199]. This is also found for cells incubated with α-synuclein oligomers [174]. 
A different study shows that these α-synuclein variants lead to proton leakage from 
intracellular vesicles which is accompanied by a high cytoplasmic concentration of 
catecholamines [200], which are able to stabilize fibrils formed from A30P and A53T 
α-synuclein [201]. In principle these membrane perturbations don’t have to be limited to these 
systems but may affect various cell organelles as these are all surrounded by phospholipid 
membranes. For example also mitochondrial functions may be impaired by the uptake of 
α-synuclein into this organelle [202]. Also the ER may be affected by α-synuclein which is 
reported by the enhanced expression of markers for ER stress [131,203] upon overexpression 
of α-synuclein. In addition Golgi fragmentation is observed when α-synuclein is 
overexpressed in COS7-cells [204]. The observed ER stress response could be induced on the 
one hand by the accumulation of misfolded proteins (see below), but also by impairments in 
the vesicular transport, by an impairment of the microtubule system [205,206] or disruption of 
Rab homeostasis [207]. The latter hypothesis is corroborated by studies showing that an 
increased expression of proteins involved in vesicular trafficking is able to reduce α-synuclein 
toxicity [131,208]. Last, but not least, the presence of protein aggregates could be a hint that 
α-synuclein interferes with cellular systems dealing with the removal of misfolded protein 
species. In principle this task is accomplished by different systems, namely the proteasome, 
the lysosomal degradation and autophagy. In vitro studies have shown that α-synuclein is able 
to bind to and inhibit the proteasome [209,210,211]. Also in vivo experiments have found an 
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inhibition of the proteasomal degradation under conditions where α-synuclein is 
overexpressed, however a direct link has not been demonstrated, as additional causes like ATP 
depletion could play a certain role [212,213]. Also lysosomal protein degradation and 
chaperone mediated autophagy, which depend on functional lysosomes, have been found to be 
of importance for α-synuclein turnover [212]. These pathways seem to be affected by the 
protein and its pathogenic mutants, though it is not clear if the impaired lysosomal function 
caused by the A53T α-synuclein variant is the primary cause or if the impairments are 
triggered upstream by a different mechanism. Apart from these pathways which have in 
common that all of them involve interactions between α-synuclein and phospholipid 
membrane structures, some evidence exists that α-synuclein could also trigger the toxic 
cascade by inducing oxidative stress in the cells or inducing apoptotic pathways [214]. 
Already a lot of data exist which deal with the suspected effects of α-synuclein on cell 
metabolism leading to the death of the dopaminergic neurons (for a review see Cookson and 
van der Brug (2008) [215]). Because of the complexity and level of interconnectivity of the 
pathways involved, it is very hard to distinguish which are primary effects of α-synuclein and 
its pathogenic mutants and which are secondary effects caused by alterations in downstream 
processes. So the ultimate cause which leads to the death of dopamine neurons and thereby to 
the development of Parkinson’s disease still remains elusive. 
To summarize, interactions between α-synuclein and phospholipid membranes seem to play a 
major role during the development of Parkinson’s disease, as such a relation is often found in 
such studies (Fig. 12). While α-synuclein is able to distort biological membranes and by that 
impairs many cellular pathways relying on their proper function, likewise the aggregation of 
α-synuclein is influenced by membrane interactions. To the contrary, one proposed function of 
α-synuclein is the stabilization of synaptic vesicles. Therefore the characterization of the 
membrane binding of α-synuclein in the model system can yield valuable insights which 
factors may regulate membrane binding of α-synuclein. 
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2 Aim of the study  
Factors involved in cellular processes associated with phospholipid membranes are normally 
hard to study in the native environment as the composition of such systems is often quite 
complex. For example recent studies suggest that the formation of laterally segregated lipid 
domains is an important regulatory element in cell signaling. Lipid domain formation can be 
easily studied in the GUV model system using fluorescent dyes which are specifically 
enriched in certain domains. The drawback of such microscopy techniques relying on the 
partitioning of fluorescent dyes in certain lipid domains is their limitation in size by the 
diffraction barrier. Since lipid domains in the plasma membrane of cells possibly are only 
several nanometers in diameter, detection using those methods is not possible. A possible 
solution would be a membrane probe which changes its physical properties according to its 
distribution to different membrane domains. Therefore this study aimes to develop a 
fluorescence lifetime based approach which can be used to investigate the domain structure in 
the plasma membrane of living cells. In order to evaluate the feasibility of the FLIM 
technique, the candidate compounds have to be characterized in a well defined phospholipid 
model system. For that GUV are used, as lipid domains can be easily identified by optical 
microscopy and the formation of different lipid phases is already well characterized.  
Using GUV it is also possible to identify domain specific factors which are responsible for 
membrane binding of peripheral proteins. In this study the determinants triggering the 
recruitment of α-synuclein to phospholipid membranes should be studied using GUV showing 
lateral lipid domains. Although the basic requirements for the membrane interactions are 
already known, there is still controversy in the literature whether raft associated phospholipids 
trigger the membrane interactions or not [128,147]. As GUV are ideally suited to study 
domain specific binding of proteins to membranes by fluorescence microscopy new insights 
into which factors are determinative can be gained by such experiments. 
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3 Material and Methods 
3.1 Material 
3.1.1 Chemical Material 
Enzymes and reagents for molecular biology were purchased from Fermentas (St. Leon-Rot, 
Germany) unless otherwise indicated. Phospholipids were purchased from Avanti Polar Lipids 
(Alabaster, AL, USA), cholesterol and Annexin V-Cy3 from Sigma-Aldrich (Taufkirchen, 
Germany). Lipids were used without further purification. Tetramethylrhodamine-6-maleimide 
was purchased from Invitrogen (Karlsruhe, Germany). Solvents used for vesicle preparation 
were of the purest available grade. Indium tin oxide (ITO) coated glass slides were obtained 
from Präzisions Glas & Optik (Iserlohn, Germany). OKT3 antibody was a kind gift of 
C. Freund (FMP, Berlin, Germany), TRITC-labeled anti mouse-IgG (from goat) was obtained 
from Sigma-Aldrich. Dulbecco’s modified eagle medium (DMEM), HANKS’ balanced salt 
solution (HBSS), Dulbecco’s modified phosphate buffered saline (DPBS) and 
penicillin/streptomycin were obtained from PAN Biotech (Aidenbach, Germany), fetal bovine 
serum (FBS) from Invitrogen. Collagen A was from Seromed (Biochrom, Berlin, Germany). 
HBSS+ refers to HBSS supplemented with 1.25 mM CaCl2 and 0.5 mM MgCl2. 
Diisopropylfluorophosphate was obtained from Fluka (Neu-Ulm, Germany). 
 
3.1.2 Biological Material 
3.1.2.1 E. coli strains 
Tab. 1: Genotypes of E. coli strains used for plasmid propagation and protein expression 











 thi-1 gyrA(Na1) relA1 
 Φ80 lacZ∆M15∆ (lacZY A-argF) 
XL1-Blue 
 
 recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac  
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3.1.2.2 Plasmids 
Tab. 2: Plasmids used for overexpression of α-synuclein variants 
name  vector  insert 
aSynWTHisN  pQE-32  aSyn NACP140 
pET28 aSyn  pET 28  aSyn NACP140 (NcoI – XhoI) 
pET28 aSyn S129C  pET 28  aSyn S129C (NcoI – XhoI) 
pET28 aSyn A30P S129C  pET 28  aSyn A30P S129C (NcoI – XhoI) 
pET28 aSyn A53T S129C  pET 28  aSyn A53T S129C (NcoI – XhoI) 
pET28 aSyn E46K S129C  pET 28  aSyn E46K S129C (NcoI – XhoI) 
 
3.1.2.3 Oligonucleotides 
DNA oligonucleotides were synthesized by Invitrogen. 
Tab. 3: DNA oligonucleotides used for colony PCR and PCR-based mutagenesis. 
Bold sequences indicate restriction sites for cloning. 
name sequence purpose 
T7-Promotor TAA TAC GAC TCA CTA TAG G Sequencing 
T7-Terminator GCT AGT TAT TGC TCA GCG Sequencing 
aSyn Nco N a CAT GCC ATG GAT GTA TTC ATG AAA GGA Cloning aSyn (1-x) 
aSyn Xho C b CCG CTC GAG TTA GGC TTC AGG TTC GTA Cloning aSyn (x-140) 
aSyn S129C a GGC TTA TGA AAT GCC TTG TGA GGA AGG GTA TC Mutagenesis aSyn S129C 
aSyn S129C b GAT ACC CTT CCT CAC AAG GCA TTT CAT AAG CC Mutagenesis aSyn S129C 
aSyn A30P a GGT GTG GCA GAA GCA CCA GGA AAG ACA AAA G Mutagenesis aSyn A30P 
aSyn A30P b CTT TTG TCT TTC CTG GTG CTT CTG CCA CAC C Mutagenesis aSyn A30P 
aSyn A53T a GGT GCA TGG TGT GAC AAC AGT GGC TGA GAA G Mutagenesis aSyn A53T 
aSyn A53T b CTT CTC AGC CAC TGT TGT CAC ACC ATG CAC C Mutagenesis aSyn A53T 
aSyn E46K a CCA AAA CCA AGA AGG GAG TGG TGC ATG GTG TG Mutagenesis aSyn E46K 
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3.1.2.4 Common media and buffers 
Tab. 4: Buffers used for GUV preparation and microscopy 
Sucrose buffer Glucose buffer NaCl buffer 
250 mM Sucrose 280 mM Glucose 140 mM NaCl 
15 mM Sodium azide 11.6 mM Potassium phosphate 11.6 mM Potassium phosphate 
   pH 7.2  pH 7.2 
Approx. 280 mOsm/kg Approx. 300 mOsm/kg Approx. 300 mOsm/kg 
 
Tab. 5: Media and buffers used for E. coli propagation and protein purification 
LB medium  LB Agar 
10 g/l Bacto
TM
 Tryptone (BD Biosciences, 
Heidelberg, Germany) 
Add 15 g Agar per l LB medium 
5 g/l Bacto
TM
 Yeast extract (BD Biosciences)  Antibiotic stocks 
5 g/l NaCl 50 mg/ml Kanamycin in H2O 
0.1 % 1M NaOH (v/v) 34 mg/ml Chloramphenicol in EtOH 
 
Lysis buffer IEX start buffer GF buffer 
500 mM NaCl 20 mM Tris/HCl 50 mM Potassium phosphate 
100 mM Tris/HCl 1 mM EDTA 100 mM  KCl 








* DTT added freshly and only for cysteine 
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Tab. 6: Buffers used for SDS-PAGE 
SDS-PAGE gel composition  





30 % Acrylamide/Bisacrylamide (“Rotiphorese 
Gel 30 (37.5:1)” Carl Roth, Karlsruhe, Germany) 
0.5 ml  5.0 ml  
0.5 M Tris/HCl; pH 6.8 0.75 ml    
1.5 M Tris/HCl; pH 8.8   2.5 ml  
10 % SDS (w/v) 30 µl  100 µl  
dH2O 1.7 ml  2.3 ml  
10 % APS 30 µl  100 µl  
TEMED 3 µl  4 µl  
   
SDS sample buffer Coomassie staining solution Destaining solution 
50 g/l SDS 40 % Ethanol (v/v) 
0.5 g/l Bromophenol blue 
2.5 g/l 
 
Coomassie brilliant blue 
R-250 (Carl Roth) 7.5 % Acetic acid (v/v) 
25 % Glycerol (v/v) 45 % Ethanol (v/v)   
25 % β-Mercaptoethanol (v/v) 10 % Acetic acid (v/v)   
25 % 1 M Tris/HCl; pH 6.8 (v/v)     
 
3.2 Methods 
3.2.1 Preparation of lipid membrane vesicles 
3.2.1.1 Preparation of Giant unilamellar vesicles (GUV) 
GUV were produced from lipid films dried on indium tin oxide (ITO) coated glass slides by 
electroswelling as originally described by Angelova and Dimitrov [216,217,218]. To achieve a 
more homogeneous distribution of the lipids slight modifications were made. In short, lipid 
mixtures were made from stock solutions in chloroform kept at -20 °C. For one preparation 
100 nmol of lipids (including cholesterol) were mixed to 30 µl of chloroform. Single drops of 
the lipid mixture were pipetted onto two ITO or titanium slides and allowed to spread. To 
obtain homogeneously distributed lipid films the solvent was evaporated on a heater plate at 
50 - 60 °C. To remove traces of the solvent the glass slides were put under a vacuum 
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(< 10 mbar) for 1 h. The electroswelling chamber was assembled from both lipid ITO coated 
slides using 1 mm Teflon spacers (Fig. 13).  
 
Fig. 13: Electroswelling chamber made from ITO-coated glass slides.  
Alternatively, instead of ITO-coated glass slides chambers formed from two hollowed 
titanium sheets were used, since Ayuyan and Cohen (2006) reported that the ITO-coating may 
catalyse the formation of peroxides from unsaturated lipids [219]. One layer of Parafilm 
(Pechiney Plastic Packaging, Chicago, IL, USA) was used as insulation (Fig. 14).  
 
Fig. 14: Electroswelling chamber made from titanium sheets. 
Both methods were used for GUV production; however no differences between GUV 
prepared by either method could be detected. In each case the chamber was filled with 1 ml of 
prewarmed (50 - 60 °C) sucrose buffer (see 3.1.2.4; Tab. 4) with an osmolality of 
280 mOsm/kg. Immediately an alternating voltage (rising from 0.02 V to 1.1 V over 30 min) 
with a frequency of 10 Hz was applied. GUV formed during 2 h incubation at 50 - 60 °C. 
To detach the vesicles a voltage of 1.3 V (4 Hz) was applied for 30 min. The vesicles were 
stored in the dark at ambient temperature for up to 4 days until use. 
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3.2.1.2 Preparation of Giant Plasma Membrane Vesicles (GPMV) 
GPMV were prepared from NBD-labeled HeLa-cells (see 3.2.2.3) as described by Baumgart 
et al. (2007) [25] who used a modified method described by Scott et al. (1976,1979) 
[220,221] and Holowka et al. (1983) [222]. In short, cells were grown to confluency in a 
25 cm2 plastic culture flask, then cells were washed twice with GPMV buffer (2 mM CaCl2, 
150 mM NaCl, 10 mM Hepes, pH 7.4), subsequently 1.5 ml of freshly prepared GPMV 
reagent (25 mM formaldehyde and 2 mM DTT in GPMV buffer) was added. The flasks were 
then incubated for 1 h at 37 °C while slowly shaking (60 - 80 cycles per minute). After 
incubation, GPMV that had detached from the cells were gently decanted into a conical tube. 
For the present experiments, GPMV were allowed to settle on ice for 10 - 45 min and 
collected by removing 20 % of the total volume from the bottom of the tube. GPMV were 
prepared by Anna P. Plazzo. 
 
3.2.2 Cell culture and microscopy 
3.2.2.1 Preparation of cells  
HeLa- and HepG2-cells were grown in DMEM containing 4.5 g/l glucose, supplemented with 
10 % heat-inactivated FBS and penicillin/streptomycin and routinely passaged in 25 cm2 
plastic culture flasks (in case of HepG2-cells coated with collagen A), medium was changed 
every 3 - 4 days. Jurkat-cells were grown in suspension in RPMI1640-Medium containing 
2 g/l NaHCO3 and acetylated Ala-Gln with 10 % heat-inactivated FBS in 25 cm
2 plastic 
culture flasks. Cell density was kept below 200,000 /ml by dilution. All cells were maintained 
at 37 °C under 5 % CO2. HepG2-cells were prepared by Dr. Thomas Korte. Preparation of 
HeLa- and Jurkat-cells was done by Anna P. Plazzo. 
 
3.2.2.2 Treatment of Jurkat-cells 
For the treatment of Jurkat-cells with antibodies or sphingomyelinase 0.5 x 106 cells were 
pelleted (5 min; 200 x g). For activation with OKT3-antibody the pellet was resuspended in 
25 µl RPMI1640 and 25 µl OKT3 for different times (10 min and 20 min) at 37 °C. The cells 
were again pelleted to remove excess antibody and incubated with 200 µl RPMI1640 
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containing 4 µl TRITC-labeled anti-mouse IgG (diluted 1:100) for 20 min (10 min OKT3) or 
10 min (20 min OKT3), respectively. 
For sphingomyelinase treatment 0.5 x 106 cells were pelleted and resuspended in 
200 µl RPMI1640 containing 0.1 U/ml sphingomyelinase (from Staphylococcus aureus; 
Sigma-Aldrich) and subsequently incubated for 30 min at 37 °C. 
 
3.2.2.3 Labeling of cells  
NBD-labeled phospholipids were stored at -20 °C in chloroform or chloroform/methanol 
(1/1). Aliquots were transferred into a glass tube and dried under nitrogen-flow before being 
resuspended in PBS at the desired concentration. HeLa-cells (5 x 104) were seeded on 35 mm 
culture dishes with glass bottom (MatTek, Ashland, MA, USA) and grown for 1 day. After 
washing with cold PBS, cell labeling with C6-NBD-PC was performed for 20 min on ice 
(final lipid concentration: 0.25 µM in PBS). Cells were then extensively washed with PBS 
(25 °C) and immediately analyzed by FLIM to ensure that NBD-lipids localized essentially in 
the outer leaflet of the plasma membrane. HepG2-cells were prepared according to the same 
protocol with minor changes: Cells were seeded on poly-D-lysine coated dishes, grown for at 
least 3 - 4 days, the final concentration of labeled lipids was 0.5 - 1 µM and all washing steps 
were done with HBSS+. For labeling of treated and untreated Jurkat-cells (0.5 x 106), the cells 
were pelleted (5 min; 200 x g), resuspended with 200 µl 2.5 µM C6-NBD-PC (in RPMI1640) 
and incubated for 10 min on ice. To remove the staining solution the cells were again pelleted 
and resuspended in 200 µl PBS. Experiments with HeLa- and HepG2-cells were done by 
Anna P. Plazzo and Dr. Thomas Korte, respectively. 
 
3.2.3 Fluorescence lifetime imaging microscopy and data analysis 
3.2.3.1 Fluorescence lifetime imaging microscopy (FLIM) 
Confocal images were taken with an inverted IX81 fluorescence microscope equipped with a 
Fluoview 1000 scanhead (Olympus, Hamburg, Germany) and a 60x (N.A. 1.35) 
oil-immersion objective at 25 °C. FLIM images (512 x 512 pixels) were acquired by a 
commercial FLIM upgrade kit (PicoQuant, Berlin, Germany). The fluorophores were excited 
with a pulsed diode laser (pulse width: 60 ps; pulse frequency: 10 MHz; 4 µs/pixel) with a 
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wavelength of 468 nm. Emission was recorded using a 540/40 bandpass filter. Single photons 
were registered with a single photon avalanche photo diode (SPAD). The intensity of the laser 
was adjusted that the maximum photon count rate of the detector did not exceed 1 - 2 % of the 
pulse rate, thus 105 counts/s, to prevent a bias towards shorter lifetimes. Each photon carries a 
time tag saving the macroscopic “real time” and the microscopic delay time from the laser 
pulse. This method is called time correlated single photon counting (TCSPC) and allows for 
the reconstruction of the decay of the fluorescence excited state by the photon lag time. 
4096 time bins are available for one excitation cycle, so that at a pulse frequency of 10 MHz 
the time resolution is approx. 24 ps. The real time tag is used to allocate the registered 
photons to the originating pixels of the FLIM image. For each image (512 x 512 pixels) 
50 - 70 frames were acquired. The images were pseudocolor coded according to the average 


















For determination of fluorescence lifetimes (τi) and respective amplitudes (Ai) see below. 
 
3.2.3.2 Determination of fluorescence lifetimes 
For the analysis of the fluorescence lifetime parameters of the NBD-analogues in the 
phospholipid membranes in GUV and living cells membrane compartments were selected by 
applying an intensity threshold to exclude fluorescence from background or cytoplasm. If 
necessary the selection was refined manually to exclude regions not associated with the 
membrane. For the selected regions of interest (ROI) one overall fluorescence decay curve 
was generated by summing up the photons registered for that region. From the decay curve 
only the part not affected by the instrument response function (IRF) was used (“tail-fit”; 
approx. from 3 ns after beginning of the pulse). Using a non-linear least squares iterative 
fitting procedure fluorescence decay curves were fitted as a sum of exponential terms to 
obtain the fluorescence lifetimes of the NBD-group: 
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where F(t) is the fluorescence intensity at time t and Ai is a pre-exponential factor 
representing the intensity of the time-resolved decay of the component with lifetime τi. 
Typically, appropriate fitting of a NBD fluorescence decay in GUV required three lifetime 
components. However, for GUV with lipid mixtures which are known to be in a single 
membrane phase state two lifetime components already provided adequate fitting (see 4.2.3; 
Tab. 11 and 12). For fitting of fluorescence decay in living cells in general three different 
lifetimes were applied. However, for decays originating from analogues in the plasma 
membrane, two lifetime components obtained a sufficient quality of the fit. Due to the tail 
fitting method it is likely that the short component τ1 detected for NBD (see Results) might be 
underestimated. Quality of fits was judged by the distribution of the residuals and the χ2 value.  
For the calculation of lifetime histograms 2 x 2 pixels in the selected regions of interest were 
binned and the fitting procedure described above was repeated for each (binned) pixel using 
the lifetime parameters obtained from the overall decay curve as starting parameters. In the 
histograms the intensity weighted frequency (Ai x τi) of the lifetime component is summed up. 
 
3.2.4 Molecular biology and protein purification 
3.2.4.1 Cloning of the plasmid for α-synuclein expression 
A plasmid (aSynWTHisN) coding for the 140 aa variant of α-synuclein was a generous gift by 
Erich Wanker (MDC, Berlin, Germany). To allow expression of untagged α-synuclein the 
open reading frame was amplified by polymerase chain reaction (PCR) (Phusion 
DNA-Polymerase; manufacturer’s protocol; Finnzymes, Espoo, Finland) using primers which 
coded for NcoI and XhoI restriction sites. The amplified DNA-Fragment was subsequently 
digested in Tango-Buffer (2x) by NcoI and XhoI (5 U/50 µl each; o.n.; 37 °C). The digested 
DNA was purified following the protocol of the QIAquick Gel Extraction Kit (Qiagen, 
Hilden, Germany). The pET28 vector was as well double digested by NcoI and XhoI 
(same conditions), additionally dephosphorylated by incubation (1 U/50 µl; 1 h; 37 °C) with 
calf intestine alkaline phosphatase (New England Biolabs, Frankfurt am Main, Germany), 
purified by agarose gelelectrophoresis and again recovered from the gel by the Gel Extraction 
Kit. 9 µl of this DNA-Fragment and 5 µl linearized pET28 vector were mixed with 4 µl dH2O 
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and 2 µl 10x Ligation buffer and ligated (4 h; RT) by means of T4 DNA-Ligase 
(1 U; New England Biolabs). For plasmid production 100 µl of calcium-competent E. coli 
XL1-Blue cells were transformed with 4 µl of the ligation sample (see below). 
 
3.2.4.2 Site directed mutagenesis 
For specific fluorescence labeling the S129C amino acid exchange was introduced using 
PCR-based mutagenesis. This position was chosen to assure that the dye does not interfere 
with structure formation and membrane binding of the N-terminal part of α-synuclein. 
Additional mutations (A30P, A53T and E46K) were generated using the same technique. The 
mutations were introduced into α-synuclein containing plasmids by means of PCR with a 
complementary primer pair carrying the desired mutation. In that way the amplified plasmids 
all carry this mutation. For a PCR-sample 0.5 µl of the template plasmid was mixed with 
1 µl of each primer (Tab. 3; 20 µM), 1 µl dNTPs (10 mM), 10 µl HF-buffer (5x; Finnzymes), 
36 µl dH2O and 0.5 µl Phusion DNA-Polymerase (Finnzymes) giving a total volume of 50 µl. 
The sample was amplified in thermal cycler (MyCycler, Bio-Rad, München, Germany) in 
20 cycles (30 s, 98 °C; 30 s, 66 °C; 3 min, 72 °C) after a first denaturation step (3 min, 98 °C). 
A last elongation step (10 min, 72 °C) allowed for finishing of DNA-fragments. After PCR 
methylated template DNA was digested by adding 1 µl of DpnI (10 U/µl) and 1 h incubation 
at 37 °C. For plasmid production 200 µl of calcium-competent E. coli XL1-Blue or E. coli 
DH5α-cells were transformed with 10 µl of the digested PCR sample (see below). 
 
3.2.4.3 Transformation of E. coli-cells and plasmid production 
For transformation calcium-competent cells were used [223], which can be transformed by 
means of a heat shock. For plasmid propagation E. coli DH5α or XL1-Blue were transformed, 
while for protein expression Rosetta (DE3) pLysS-cells were used. The competent cells were 
mixed with the desired plasmid (for amounts see 3.2.4.1 and 3.2.4.2) and incubated on ice for 
10 min. The heat shock was applied by incubation in a water bath at 42 °C for 45 s. 
Afterwards the cells were kept on ice for another 2 min. To allow for development of 
antibiotics resistance the transformed cells were mixed with 900 µl of LB medium 
(see 3.1.2.4; Tab. 5) and incubated for 1 h at 37 °C. For selection of transformed cells the 
sample was pelleted (6 min; 1,000 x g), the supernatant almost completely decanted and the 
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resuspended pellet spread on LB-agar dishes (see 3.1.2.4; Tab. 5) containing the appropriate 
antibiotic (50 µg/ml Kanamycin for XL1-Blue and DH5α; Rosetta (DE3) pLysS additionally 
required 34 µg/ml Chloramphenicol to maintain the pLysS plasmid). Colonies grown o.n. at 
37 °C were used as inoculates for over night cultures for glycerol stocks [223], plasmid 
purification (XL1-Blue and DH5α) or expression tests (Rosetta (DE3) pLysS). Plasmids were 
purified using the QIAprep Spin Miniprep Kit (Qiagen) according to the manufacturer’s 
protocol. The integrity of the coding region was tested by means of PCR-amplification of the 
T7-region of the plasmid checking the correct length and subsequent DNA sequencing (SMB, 
Berlin, Germany). 
 
3.2.4.4 Expression and purification of α-synuclein variants 
Before starting large scale protein expression the transformed Rosetta (DE3) pLysS clones 
were tested for their expression level. To do so, 5 ml of LB medium containing 
50 µg/ml Kanamycin (Kan) and 34 µg/ml Chloramphenicol (Cm) were inoculated from 
glycerol stock or a single colony from LB-Agar plate. Identical incubation conditions 
(see below) as during the preparative fermentation were used. To check for protein yield, 
before and after induction with 1 mM IPTG an aliquot of cells equal to 1 OD600 was removed, 
pelleted by centrifugation and analyzed by SDS-PAGE. For preparative α-synuclein 
production 1 l of LB medium (see 3.1.2.4; Tab. 5; with 50 µg/ml Kan and 34 µg/ml Cm) was 
inoculated from a well grown over night culture (same medium composition) of the respective 
α-synuclein expressing Rosetta (DE3) pLysS clone to an approx. OD600 of 0.1 - 0.2. The cells 
were cultivated at 37 °C until an OD600 of 0.6 - 0.7 was reached. At that point protein 
expression was induced for 4 h at 37 °C using 1 mM IPTG. For purification of α-synuclein a 
protocol similar to the one described by Der-Sarkissian et al. (2003) was used [112]. In brief, 
the cells were harvested by centrifugation (10 min; 4,000 x g; 4 °C) and the pellet was 
resuspended in 10 ml of lysis buffer (see 3.1.2.4; Tab. 5) per liter LB-medium. After one 
freeze-thaw-cycle the sample was diluted with 10 ml of lysis buffer and the cells were lysed 
by ultrasonication (Branson, Danbury, CT). Endogeneous E. coli proteins were precipitated by 
boiling (10 min), subsequent centrifugation (10 min; 10,000 x g; 4 °C) and adjusting the pH to 
3.5. After a second removal of precipitates (30 min; 10,000 x g; 4 °C) the supernatant was 
dialyzed twice (3 h and o.n.; 4 °C) against 1.5 l of IEX start buffer (DTT added freshly) in 
each case (see 3.1.2.4; Tab. 5). Before purification by means of fast protein liquid 
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chromatography (FPLC) particles were removed by filtration (0.45 µm pore size; PVDF; 
Carl-Roth). The first purification step was ion exchange chromatography (IEX) on 
Q-Sepharose FastFlow (25 ml packed in a XK 16/70 column; GE Healthcare, St. Gilles, UK). 
The column was perfused with the whole cell lysate at a flow rate of 6 ml/min. Unbound 
proteins were washed out with IEX start buffer until the UV detector (280 nm) of the 
ÄKTAprime FPLC-system (GE Healthcare) again reached the baseline. Subsequently 
impurities were removed with three column volumes at 200 mM NaCl in the start buffer and 
α-synuclein was eluted at 400 mM NaCl. Remaining contaminations sticking to the column 
were removed with IEX start buffer mixed with 1 M NaCl. Further purification and buffer 
exchange was achieved in a second purification step by gel filtration (16/60 Superdex 200 
prepgrade, GE Healthcare). On the column, which was preequilibrated with GF buffer 
(see 3.1.2.4; Tab. 5), 5 ml of the pooled α-synuclein containing fractions from the IEX 
chromatography were injected. The proteins were eluted at a flow rate of 1.6 ml/min using 
gelfiltration buffer. α-Synuclein containing fractions eluting at about 90ml were identified by 
the specific molecular weight of the protein using SDS-PAGE and the characteristic shape of 
the UV-absorption spectrum. The α-synuclein containing fractions were pooled and the 
protein concentration was determined by UV-absorption. Molar extinction coefficients 
(ε280 = 5960 M
-1 cm-1) were calculated using the ProtParam tool provided on the ExPaSy-
Server (http://www.expasy.org). Immediately afterwards the sample was aliquoted and frozen 
at -78 °C until usage.  
 
3.2.4.5 Tetramethylrhodamine (TMR) labeling of α-synuclein 
For fluorescence microscopy the α-synuclein was covalently tagged with 
tetramethylrhodamine-6-maleimide (Invitrogen) which readily reacted with the cysteine 
residue introduced at position 129. The labeling reaction was set up according to the 
manufacturer’s protocol. In short, to 450 µl of a 111 µM α-synuclein solution a tenfold molar 
excess of TMR-6-maleimide dissolved in 50 µl DMSO was added drop by drop. The reaction 
was incubated at RT for 2 h. Unbound label was removed using a NAP5-column 
(GE Healthcare). The labeling efficiency was estimated to be approx. 1:1 using absorption 
spectroscopy. Labeling was also confirmed by SDS-PAGE and scanning the gels for 
TMR-fluorescence. After aliquoting labeled α-synuclein was immediately frozen at -78 °C. 
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Before the measurements the sample was purified a second time using centrifugable gel 
filtration columns (CentriSpin10; Princeton Separation, Adelphia, NJ, USA).  
 
3.2.4.6 SDS-Polyacrylamide gel electrophoresis (SDS-PAGE) 
For the size specific separation of proteins SDS-PAGE adapted from the original work of 
Laemmli (1970) was used [224]. For casting and running the gels the Mini PROTEAN 3 
system (Bio-Rad) was used. In short, gels containing 15 % Acrylamide/Bisacrylamide in the 
separating and 5 % Acrylamide/Bisacrylamide in the stacking gel were used. For buffer 
compositions see 3.1.2.4 (Tab. 6). For sample preparation three volumes of the protein 
solution or resuspended pellet were thoroughly mixed with one volume of SDS sample buffer 
(4x) and heated to 95 °C for 5 min. Residual precipitates were pelleted during a centrifugation 
step (5 min; 10,000 x g, 4 °C) and the supernatant applied on the gel. Electrophoresis was run 
with running buffer at a voltage of 100 V until the samples entered the separating gel. From 
that point on the voltage was increased to 200 V for about 45 min. Protein bands in the gel 
were stained by means of incubation of the gel in Coomassie staining solution for at least 
30 min. Coomassie blue unspecifically bound to the gel was washed out the gel with 
destaining solution until the background was only faint blue (at least 2 h). Destaining solution 
was exchanged if required. 
 
3.2.4.7 Binding assay for TMR-labeled α-synuclein 
To study the interaction between α-synuclein and GUV, 75 µl of the GUV-solution 
(see 3.2.1.1) were mixed with TMR-labeled α-synuclein and incubated at 25 °C for 30 min. 
The vesicle α-synuclein suspension was mixed with 225 µl of glucose buffer or NaCl buffer 
(see 3.1.2.4; Tab. 4). Both buffers were adjusted to an osmolality of about 300 mOsm/kg. For 
microscopy the sample was placed in a drop on a coverslip. Before imaging GUV were 
allowed to settle for 3 min to the bottom due to their greater specific density. The lateral 
distribution of anionic phospholipids in GUV was characterized by binding of fluorescent 
Annexin V-Cy3 (Sigma-Aldrich). Experiments were done as described above with the 
exception that instead of α-synuclein 0.3 µl of Annexin V-Cy3 in the presence of calcium 
chloride (final concentration: 2.5 mM) was used. In the absence of anionic lipids no binding 
of Annexin V to GUV was detectable. Images of the equatorial plane of the GUV were taken 
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by confocal laser scanning microscopy. Again images were taken with an inverted IX81 
fluorescence microscope equipped with a Fluoview 1000 scanhead (Olympus) and a 
60x (N.A. 1.35) oil-immersion objective at 25 °C. The green NBD-fluorescence was excited 
with the 488 nm laser line of an Ar-ion laser, while the red TMR-fluorescence was excited 
with a 543 nm He-Ne-laser. To avoid spectral overlap the system was run in sequential 
scanning mode where only one laser was active at the time. The emission of NBD was 
recorded between 500 nm and 530 nm, while the TMR-emission was recorded from 570 nm 
to 670 nm. 
 
3.2.4.8 Quantitative analysis of the α-synuclein binding 
To characterize the α-synuclein binding to PS containing vesicles in a quantitative way, 
DOPC GUV containing different amounts of DOPS were incubated with increasing 
concentrations of TMR-labeled α-synuclein. For microscopy the same protocol as already 
indicated in 3.2.4.7 was used. To quantify the amount of α-synuclein bound to the membrane 
images from the equatorial plane of GUV were averaged two times using the Olympus 
analysis software. The amount of membrane bound α-synuclein was inferred from the peak 
values of intensity profiles. To obtain the binding strength (K0) of α-synuclein and the amount 
of available binding sites (b) of the DOPC/DOPS vesicles, data were fitted for the obtained 
TMR-fluorescence (TMR) according to the scaled particle theory of Chatelier and Minton, 
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To compare the binding affinity of α-synuclein at low and high ionic conditions 75 µl of the 
GUV solution (DOPC/DOPS = 70/30) were mixed with 0.6 µl of TMR-labeled α-synuclein 
(final concentration: 0.1 µM) and incubated at 25 °C for 30 min. The vesicle α-synuclein 
suspension was mixed with 225 µl of glucose buffer with low or NaCl buffer (see 3.1.2.4; 
Tab. 4) with high ionic strength. Final concentrations of NaCl were 0 mM or 105 mM, 
respectively. The ratio of the TMR-fluorescence at the GUV membrane between low and high 
ionic strength was calculated for each α-synuclein variant (WT, A30P, A53T, E46K). 
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3.2.4.9 Competition assay to study the binding efficacy of α-synuclein mutants 
To assess the binding affinity of the α-synuclein mutants relative to the wildtype the following 
competition assay was used. 225 µl of glucose buffer (see 3.1.2.4; Tab. 4) were mixed with 
TMR-labeled wildtype α-synuclein (S129C-TMR; final concentration: 0.5 µM) and different 
concentrations of unlabeled protein variants (final concentrations: 0 - 5 µM). After mixing 
with 75 µl of GUV suspension (DOPC/DOPS = 70/30; additional 1 mol% C6-NBD-PC) the 
samples were incubated for 30 min at 25 °C and the TMR-fluorescence at the GUV 
membrane was measured as described. 
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4 Results 
4.1 GUV can be reliably produced from dried lipid films by electroformation  
A well established method to produce GUV is the gentle hydration of dried lipid films in the 
presence of an alternating electric field. This method first described by Angelova and 
Dimitrov was used throughout this study [216,217,218]. As matrix for drying of the lipid film 
different conductive materials were used. GUV were prepared using ITO-coated glass slides 
as originally described, but also titanium chambers were used, as Ayuyan and Cohen (2006) 
stated that ITO may catalyze the formation of oxidized species of unsaturated phospholipids 
[219]. GUV suspensions prepared from ITO-coated slides had in general a high yield of 
vesicles, but in some cases it was difficult to form proper lipid films from PS containing lipid 
mixtures. In contrast the GUV yield was slightly lower when titanium chambers were used, 
but usable lipid films were achieved independent of the used lipid mixtures. No differences in 
vesicle morphology were found for both methods. In general, the GUV preparations contained 
a large fraction of unilamellar vesicles showing similar fluorescence intensities of the 
incorporated membrane probe (usually C6-NBD-PC). Yet, multilamellar (higher fluorescence 
intensity) or fused vesicles were present to a more or less large fraction but were omitted from 
the study. In addition GUV which enclosed smaller vesicles or lipid aggregates were common. 
Such vesicles were used for the studies if it was obvious that the inclusions were free floating 
and did not impair the membrane. In lipid mixtures which yielded GUV with lateral lipid 
domain separation also vesicles without domain separation were observed to a small extent 
which demonstrated that in some cases the lipids distributed heterogeneously between the 
vesicles. But in all cases the main fraction of GUV showed the expected behavior. 
C6-NBD-PC was incorporated into GUV during the vesicle preparation resulting in symmetric 
labeling of both leaflets of the bilayer. The distribution of the probe was tested in GUV purely 
made from DOPC which should show a single homogeneous membrane phase presumably 
being a ld phase as the measurements were done at 25 °C well above the phase transition 
temperature of the lipid (-19 °C) [55]. The fluorescence was homogeneously distributed 
which is a clear sign that the probe at least at the resolution of the fluorescence microscope 
mixes ideally with the lipids and does not form domains or clusters of its own. On the 
contrary, when incorporated into GUV made from a lipid mixture (DOPC/SSM/Chol = 1/1/1; 
mol/mol/mol) which forms laterally separated lipid domains at 25 °C (transition temperature: 
approx. 43 °C [49]) C6-NBD-PC strongly partitions in one of the domains. This is in excellent 
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agreement with previously published studies showing that the probe partitions strongly into 
ld lipid phases [38]. It can be safely assumed that this behavior is reproduced in the 
investigated GUV, therefore membrane regions which show bright fluorescence can be 
identified as ld domains. In contrast liquid ordered (lo) domains show nearly no or only weak 
fluorescence (Fig. 15). 
 
Fig. 15: C6-NBD-PC preferentially enriches in the ld domain in GUV. Laser scanning 
microcopy images showing equatorial sections of GUV showing a homogeneous ld domain 
(DOPC: DOPC only) or lateral separation in ld and lo domains (Raft: DOPC/SSM/Chol = 1/1/1). 
All vesicles contained 1 mol% of C6-NBD-PC. In vesicles with lipid domains in the µm-scale an 
enrichment of C6-NBD-PC in one domain can be observed. Images were taken at 25 °C. White 
bars correspond to 10 µm. 
 
4.2 Fluorescence lifetime analysis of NBD-labeled lipid analogues allows the 
visualization of lipid domains in model and cellular membranes  
For quite a lot of research fields it is of great interest to study intrinsic properties of 
phospholipid membranes. One prominent topic here is the investigation of the formation of 
phospholipid domains in artificial or biological membranes. In the following a new method is 
described to investigate such issues by means of a single dye approach based on fluorescence 
lifetime imaging microscopy (FLIM). The described technique relies on the property of the 
NBD-group to show differential fluorescence lifetimes dependent on the lipid environment in 
which the probe is embedded. The results of the following section have been published in 
Stöckl et al. (2008a) [226]. 
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4.2.1 Different NBD-lipid analogues show similar fluorescence lifetimes 
To characterize the fluorescence lifetime parameters of the NBD-moiety of different lipid 
analogues the fluorescence decays of these compounds when integrated in GUV were 
investigated. The vesicles were prepared from pure DOPC (in the case of C6-NBD-PS: 
DOPC/DOPS = 98/2) with an additional 1 mol% of the respective NBD-lipid analogue. All 
lipids showed a homogeneous distribution in the membrane. Lifetime analysis showed a 
bimodal lifetime distribution with a short (τ1) and a long (τ2) lifetime component of about 3 ns 
and 7 ns, respectively. While τ2 represents the major component of the bimodal distribution, 
τ1 only provides a minor contribution. The measured values were very similar for all 
investigated analogues, only C12-NBD-PC showed a somewhat shorter τ2 component. The 
measured values of τ1 and τ2 are summarized in Table 7.  
Tab. 7: Fluorescence lifetimes of NBD-labeled lipid analogues in DOPC GUV 
(DOPC/DOPS = 98/2 in the case of C6-NBD-PS). The concentration of NBD-labeled lipid 
corresponded to 1 mol% of total lipids. For estimation and explanation of τ1 and τ2, see 3.2.3.2 
and text. Data are presented as average ± SEM. At least seven GUV were measured at 25 °C 






C6-NBD-PC 2.8 ± 0.2 7.1 ± 0.1 
C12-NBD-PC 2.1 ± 0.1 6.0 ± 0.1 
C6-NBD-PS 2.9 ± 0.2 7.1 ± 0.1 
N-NBD-PE 2.2 ± 0.2 7.3 ± 0.1 
The phospholipid analogue C6-NBD-PC was chosen for further characterization as this 
compound in contrast to N-NBD-PE and C6-NBD-PS possesses a biological headgroup 
without an overall charge, which could influence experiments with biological samples. These 
properties would also apply to C12-NBD-PC, but since this probe showed fluorescence 
lifetimes deviant from the other NBD-analogues it was also omitted from further studies. 
Quantitatively similar components of C6-NBD-PC were found in cuvette experiments with 
large unilamellar DOPC vesicles (Tannert and Herrmann, unpublished results).  
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4.2.2 Charged phospholipids and cholesterol influence the fluorescence lifetime of 
C6-NBD-PC  
In contrast to the above mentioned model system biological membranes consist of not only 
one defined lipid species but contain apart from the zwitterionic phospholipids additional 
lipids with negatively charged headgroups and cholesterol. In order to investigate the 
influence of the presence of such charges on the fluorescence lifetime components of 
C6-NBD-PC GUV prepared from DOPC in combination with different amounts of DOPS 
were investigated. While the short lifetime component τ1 was hardly affected, the longer 
component τ2 was shifted to lower values with increasing concentration of DOPS (Tab. 8 and 
Fig. 16). This indicates that τ2 is sensitive to physical properties of the membrane depending 
on the lipid composition. However, although the fluorescence lifetime τ1 did not increase, an 
increasing contribution of this component to the overall fluorescence decay caused by DOPS 
was found (Fig. 16). 
Tab. 8: Fluorescence lifetimes of C6-NBD-PC in DOPC/DOPS GUV. The concentration of 
C6-NBD-PC corresponded to 1 mol% of total lipids. For estimation and explanation of τ1 and τ2 
see 3.2.3.2 and text. Data are presented as average ± SEM. At least seven GUV were 
measured at 25 °C in each sample.  
DOPC / DOPS  





10 / 0 2.8 ± 0.2 7.2 ± 0.1 
9 / 1 2.5 ± 0.2 6.3 ± 0.1 
7 / 3 2.4 ± 0.2 5.9 ± 0.1 
5 / 5 2.4 ± 0.1 5.8 ± 0.1 
3 / 7 2.2 ± 0.1 5.4 ± 0.2 
  
RESULTS   45 
 
Fig. 16: Fluorescence lifetimes of C6-NBD-PC in DOPC/DOPS GUV. Lifetime histograms of 
τ1 and τ2 of C6-NBD-PC in GUV of different mixtures of DOPC/DOPS (mol/mol) at 25 °C: Curves 
are for 0 mol% (solid), 10 mol% (dashed), 30 mol% (dashed-dotted) and 50 mol% DOPS 
(dotted). Histograms were normalized by setting the maximum to 1.  
It is known that cholesterol has an influence on the degree of order of phospholipid 
membranes making it an important regulator of membrane functions in cells [72]. In 
agreement with an increase in membrane order, the increase of the cholesterol content in 
DOPC vesicles from 0 mol% to 30 mol% yielded a moderate increase of τ2. At all measured 
cholesterol concentrations τ1 was almost negligible (Tab. 9 and Fig.17). 
Tab. 9: Fluorescence lifetimes of C6-NBD-PC in DOPC/Chol GUV. The concentration of 
C6-NBD-PC corresponded to 1 mol% of total lipids. For estimation and explanation of τ1 and τ2 
see 3.2.3.2 and text. Data are presented as average ± SEM. Ten GUV were measured at 25 °C 
in each sample.  
DOPC / Chol  





10 / 0 1.6 ± 0.2 7.1 ± 0.1 
9 / 1 2.0 ± 0.1 7.4 ± 0.1 
7 / 3 2.3 ± 0.2 8.1 ± 0.1 
 
RESULTS   46 
 
Fig. 17: Fluorescence lifetimes of C6-NBD-PC in DOPC/Chol GUV. Lifetime histograms of τ2 
of C6-NBD-PC in GUV of different mixtures of DOPC/Chol (mol/mol) (25 °C): Curves are for: 
0 mol% (solid), 10 mol% (dashed) and 30 mol% cholesterol (dotted). Histograms were 
normalized by setting the maximum to 1.  
 
4.2.3 Lifetime distribution of C6-NBD-PC in GUV with heterogeneous lipid 
distribution 
In contrast to the simple one- or two-component lipid mixtures described above (see 4.2.1 and 
4.2.2), cellular membranes consist of different types of lipids which are not always 
homogeneously distributed in the phospholipid membranes but may form lipid domains 
enriched in certain lipid species. To assess whether lifetime of C6-NBD-PC is sensitive to 
physical properties of lipid domains, GUV from mixtures of DOPC/SSM/Chol (1/1/1; 
mol/mol/mol) and of DOPC/DPPC/Chol (1/1/1) were prepared. GUV of those lipid mixtures 
are known to form lo and ld domains at 25 °C which can be visualized by lipid-like 
fluorophores such as C6-NBD-PC (Fig. 15) [71,49]. Bright regions correspond to ld domains 
as C6-NBD-PC recruits preferentially to these domains in this type of vesicles [38]. These 
GUV show a heterogeneous lateral distribution of C6-NBD-PC documenting the domain 
formation. The different lipid domains are not only characterized by the preferential 
incorporation of the probe, but C6-NBD-PC also shows a different fluorescence lifetime 
behavior in the respective domain. This can be directly seen in the different colors typical for 
ld and lo domain in the images pseudocolored according to the average lifetime of 
C6-NBD-PC (Fig. 18 A; II). GUV prepared from DOPC and DOPC/SSM/Chol (1/1/8, excess 
of cholesterol) show only a pure ld or lo phase with the respective fluorescence lifetimes 
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(Fig. 18 A; I and III). This suggests that C6-NBD-PC shows particular fluorescence lifetimes 
which are dependent on the incorporation of the probe into ld and lo domains. 
 
Fig. 18: Fluorescence lifetimes of C6-NBD-PC in lipid domains of DOPC/SSM/Chol GUV. 
(A) Average lifetime (see scale) of C6-NBD-PC in GUV prepared from DOPC (I, pure ld phase), 
DOPC/SSM/Chol = 1/1/1 (II; ld and lo phase) and DOPC/SSM/Chol = 1/1/8 (III; pure lo phase) 
at 25 °C. The average lifetime is longer in lo than in ld phase. (B) Lateral distribution of lifetime 
components τ2(lo) and τ2(ld) of C6-NBD-PC in GUV prepared from DOPC/SSM/Chol = 1/1/1 
(mol/mol/mol) at 25 °C. For each pixel the amplitude of the lifetime components τ2(ld) 
(green, top image, right column) or τ2(lo) (red, bottom image, right column) is presented. 
Comparison of the overlay of both images (bottom image, left column) with the intensity image 
(top image, left column) shows that τ2(ld) is associated with the ld domain, while τ2(lo) is 
associated with the lo domain. In addition for each domain the respective lifetime histogram is 
given (centre column). White bars correspond to 10 µm. For further details see Material and 
Methods and Results.  
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Apart from the short lifetime component τ1 which was insensitive to the domain, for the 
longer lifetime τ2 two typical components were found. The shorter component corresponds 
typically to the ld domain, τ2(ld), while the longer corresponds to the lo domain, τ2(lo). In 
Figure 18 B the distribution of these fluorescence lifetime components of C6-NBD-PC in 
DOPC/SSM/Chol (1/1/1) GUV is presented. A similar pattern of fluorescence lifetimes was 
found for DOPC/DPPC/Chol (1/1/1) GUV (data not shown) providing evidence that the 
longer lifetime in the lo domain is not due to association of C6-NBD-PC with sphingomyelin 
but only depends on the properties of the phospholipid membrane.  
Since the local concentration of C6-NBD-PC is higher in the ld domain where the probe is 
enriched, the shorter lifetime in comparison with the lo domain might be due to self-
quenching of the probe. This could be precluded, as lifetime measurements on 
DOPC/SSM/Chol GUV (1/1/1) at different C6-NBD-PC concentrations showed that τ1 and τ2 
did not depend on NBD concentration within the range from 0.1 to 1 mol% (Tab. 10) proving 
that the differences between τ2(ld) and τ2(lo) did not ensue from self-quenching of NBD in the 
ld domain. As τ1 comprises only a small contribution in each histogram it was omitted in the 
presentation of further results (see also 5.1.1). 
Tab. 10: Concentration dependence of fluorescence lifetimes of C6-NBD-PC in 
DOPC/SSM/Chol GUV (1/1/1). The concentration of C6-NBD-PC is indicated as mol% of total 
lipids. For estimation and explanation of τ1, τ2(ld), and τ2(lo) see 3.2.3.2 and text. Fluorescence 
decays for whole GUV were fitted with three components reflecting τ1, τ2(ld), and τ2(lo). Data are 









0.1 % C6-NBD-PC 2.5 ± 0.2 7.1 ± 0.1 14.1 ± 0.7 
0.5 % C6-NBD-PC 3.1 ± 0.1 7.4 ± 0.1 11.8 ± 0.1 
1.0 % C6-NBD-PC 2.5 ± 0.1 7.0 ± 0.1 12.2 ± 0.1 
In order to characterize the behavior of the DOPC/SSM/Chol system, lipid mixtures with 
different compositions were investigated. GUV composed of 10/0/0 or 4/4/2 
DOPC/SSM/Chol showed a homogeneous distribution of C6-NBD-PC. Domain formation 
was not detectable by fluorescence microscopy (Tab. 11). For those GUV only the shorter 
τ2 component of approx. 7 - 8 ns corresponding to τ2(ld) was detected. Also in 1/1/8 GUV no 
domain formation was observed. In this case only the long lifetime τ2(lo) was found. However, 
both components, τ2(ld) and τ2(lo), were observed for lipid mixtures for which domains were 
visible by fluorescence microscopy (1/1/1, 3/3/4 and 2/4/4). Notably, τ2(ld) and τ2(lo) were 
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rather insensitive to the lipid mixture. τ2(ld) varied between 7.0 and 7.6 ns, while τ2(lo) varied 
between 11.4 and 12.4 ns. Figure 19 shows lifetime histograms of C6-NBD-PC in GUV 
prepared from these lipid mixtures, while the representative values of fluorescence lifetimes 
are summarized in Table 11.  
Tab. 11: Fluorescence lifetimes (τ1 omitted) of C6-NBD-PC in DOPC/SSM/Chol GUV. The 
concentration of C6-NBD-PC corresponded to 1 mol% of total lipids. For estimation and 
explanation of τ2(ld) and τ2(lo) see 3.2.3.2 and text. If possible, fluorescence decays for whole 
GUV were fitted with three components reflecting τ1 (not shown), τ2(ld) and τ2(lo). The presence of 
lipid domains visible by fluorescence microscopy is indicated in the right column. Data are 
presented as average ± SEM. Eight GUV were measured at 25 °C in each sample.  
DOPC / SSM / Chol 







10 / 0 / 0 7.1 ± 0.1 --- no 
8 / 1 / 1 7.6 ± 0.1 --- no 
4 / 4 / 2 7.3 ± 0.1 --- no* 
3 / 3 / 3 7.0 ± 0.1 12.2 ± 0.1 yes 
3 / 3 / 4 7.1 ± 0.4 11.6 ± 0.1 yes 
2 / 4 / 4 7.4 ± 0.2 11.4 ± 0.2 yes 
1 / 1 / 8 --- 12.4 ± 0.2 no 
*Typically, GUV with a lipid composition of 4/4/2 did not show domain formation. Occasionally, 
small domains detectable by microscopy were observed.  
 
Fig. 19: Fluorescence lifetimes of C6-NBD-PC in DOPC/SSM/Chol GUV. Lifetime histograms 
of C6-NBD-PC in GUV prepared from DOPC/SSM/Chol mixtures (mol/mol/mol) at 25 °C: 
4/4/2 (dashed), 3/3/3 (solid), 2/4/4 (dotted), 1/1/8 (dashed-dotted). Histograms were normalized 
by setting the maximum to 1. For further details see 3.2.3.2 and Table 11. 
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Still the question arises, whether the large increase of the lifetime component τ2 in the 
ld domain with respect to the lo domain is due to the repartition of cholesterol into the 
DOPC-phase. This can be precluded, as during measurements of fluorescence lifetimes of 
C6-NBD-PC in GUV prepared from binary DOPC/Chol mixtures the values of τ2 only 
moderately increased from 7.1 ns in pure DOPC vesicles to about 8.1 ns at 30 mol% 
cholesterol content (Tab. 9). This is clear evidence that a NBD-lifetime of 11 to 12 ns is 
typical for the formation of the lo phase and not simply due to cholesterol enrichment. In 
addition, for DOPC/SSM/Chol (3/3/3 and 3/3/4) GUV τ2(ld) is equal to τ2 in DOPC GUV 
indicating that only minor amounts of cholesterol redistributed to the ld phase. In contrast, for 
DOPC/SSM/Chol (8/1/1, 4/4/2 and 2/4/4) GUV a higher τ2(ld) is found indicating an altered 
composition of the ld phase. 
Next, the fluorescence lifetime of C6-NBD-PC in GUV of POPC/PSM/Chol mixtures was 
measured. In all lipid mixtures the content of PSM was kept constant at 20 mol%, while the 
cholesterol content varied between 5 and 60 mol%. In no case domains of microscopic size 
were detected. While at 5 mol% cholesterol apart from τ1 only the component of τ2 
characteristic of the ld domain could be identified, for cholesterol contents in the range 
between 20 and 60 mol% a longer general lifetime allowed fitting of two components for τ2, 
yielding the typical values τ2(ld) and τ2(lo) already found for the DOPC/SSM/Chol lipid 
mixtures. Between 20 and 40 mol% cholesterol the relative fraction of τ2(lo) increased with 
rising amounts of cholesterol. At high cholesterol concentration (60 mol%) only minor 
amounts of τ2(ld) could be found. As observed for DOPC/SSM/Chol lipid mixtures, τ2(ld) and 
τ2(lo) were again rather insensitive to the composition of the lipid mixture. However, τ2(ld) was 
somewhat higher than for the DOPC-rich ld phase in DOPC/SSM/Chol GUV probably 
reflecting the differences in the degree of order between POPC and DOPC. Although the 
presence of τ2(ld) and τ2(lo) indicated the existence of lipid domains, neither the fluorescence 
intensity pattern nor fluorescence lifetime images revealed the existence of domains being of 
microscopic size. Hence, lipid domains are of submicroscopic size. This is in good agreement 
with a recent NMR-study done in a collaboration and published in Bunge et al. (2008) [72]. 
However, at 10 °C POPC/PSM/Chol mixtures may form domains in the microscopic range as 
observed for a (1/1/1) mixture (see Fig. 21; II). Representative values for the lifetime 
components are summarized in Table 12, while the corresponding lifetime histograms are 
presented in Figure 20. 
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Tab. 12: Fluorescence lifetimes (τ1 omitted) and respective amplitudes A of C6-NBD-PC in 
POPC/PSM/Chol GUV. The concentration of C6-NBD-PC corresponded to 1 mol% of total 
lipids. For estimation and explanation of τ and A see 3.2.3.2 and text. Amplitudes are given as a 
percentage of total amplitude (A1 (not shown), A2(ld) and A2(lo)). If possible, fluorescence decays 
for whole GUV were fitted with three components reflecting τ1 (not shown), τ2(ld), and τ2(lo). Note, 
lipid domains were not visible by fluorescence microscopy (see 4.2.3). Data are presented as 
average ± SEM. Eight GUV were measured at 25 °C in each sample.  
POPC / PSM / Chol 









7.5 / 2 / 0.5 8.0 ± 0.1 83 ± 1 --- --- 
7 / 2 / 1 * 8.4 ± 0.1 85 ± 1 --- --- 
6 / 2 / 2 * 7.8 ± 0.1 86 ± 1 --- --- 
5 / 2 / 3 7.9 ± 0.4 37 ± 2 10.9 ± 0.1 52 ± 3 
4 / 2 / 4 7.5 ± 0.2 25 ± 3 11.6 ± 0.1 69 ± 2 
2 / 2 / 6 7.0 ± 0.4 21 ± 2 11.4 ± 0.1 73 ± 2 
*Typically, GUV with a lipid composition of 7/2/1 and 6/2/2 were fitted biexponentially. In some 
cases a triexponential fit could be applied (not shown). 
 
Fig. 20: Fluorescence lifetimes of C6-NBD-PC in POPC/PSM/Chol GUV. Lifetime histograms 
of C6-NBD-PC in GUV prepared from POPC/PSM/Chol mixtures (mol/mol/mol) at 25 °C: 
7.5/2/0.5 (dashed), 6/2/2 (solid), 4/2/4 (dotted), 2/2/6 (dashed-dotted). Histograms were 
normalized by setting the maximum to 1. For further details see 3.2.3.2 and Table 12. 
In summary, the characterization of the fluorescence lifetime behavior of C6-NBD-PC in 
model lipid membranes showed that the longer fluorescence lifetime component τ2 is sensitive 
to the lipid environment. Typically, a fluorescence lifetime of approx. 7 ns was found in pure 
DOPC GUV. While in the presence of DOPS shorter lifetime values for τ2 were found, the 
incorporation of cholesterol led to longer values of τ2. In GUV prepared from 
DOPC/SSM/Chol lipid mixtures known to form ld and lo domains on the µm-scale, domain 
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dependent values for τ2 were observed. While τ2(ld) was similar to the value found for DOPC 
GUV, the much longer fluorescence lifetime τ2(lo) of approx. 12 ns was typical for the 
lo domain. In GUV prepared from POPC/PSM/Chol mixtures showing no lipid domains 
resolvable by fluorescence microscopy the typical values of τ2(ld) and τ2(lo) could still be 
recovered from the fluorescence decays demonstrating the presence of submicroscopic lipid 
heterogeneities. 
 
4.2.4 Lifetime distribution of C6-NBD-PC in Giant plasma membrane vesicles 
(GPMV) 
In order to show that the characteristic fluorescence lifetimes of C6-NBD-PC in the ld and 
lo domains are also conserved in vesicles with a biological lipid composition, GPMV 
produced from HeLa-cells were investigated. While at 25 °C approx. 40 % of the vesicles 
show phase separation, the fraction of vesicles showing distinct lipid domains increases to 
over 50 % at 10 °C. The investigated GUV (DOPC/SSM/Chol and POPC/PSM/Chol; both 
1/1/1) also show domain separation at 10 °C. However, while for DOPC/SSM/Chol a strong 
partition of C6-NBD-PC into the ld domain was observed, the ld domain specific enrichment 
is much weaker for the POPC/PSM/Chol mixture (Fig. 21). In contrast to these GUV, 
C6-NBD-PC shows no domain dependent distribution or even a slight preference for the 
lo domain in the GPMV. Hence, the partition coefficient for C6-NBD-PC between lipid 
domains depends on the lipid composition of domains. Identities of domains in GPMV have 
been determined by co-staining with N-Rho-DOPE, which is known to partition into 
ld domains (not shown) [25].  
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Fig. 21: Domain specific partition and fluorescence lifetime of C6-NBD-PC in GUV and 
GPMV. GUV prepared from DOPC/SSM/Chol = 1/1/1 (I), POPC/PSM/Chol = 1/1/1 (II) and 
GPMV prepared from HeLa-cells (III; Anna P. Plazzo). Top row: Fluorescence intensity of 
C6-NBD-PC. Bottom row: Average fluorescence lifetime of C6-NBD-PC (pseudocolor, see scale). 
For all vesicles a longer fluorescence lifetime in the lo domain than in the ld domain 
independent of the partition of C6-NBD-PC between domains was typical. ld domains are 
indicated by an arrow. White bars correspond to 10 µm. Images were taken at 10 °C. 
The analysis of the fluorescence lifetimes of C6-NBD-PC in the lipid domains showed that the 
characteristic lifetime values for τ2 were still conserved. Independent of the domain specific 
distribution for the ld domains τ2 of the fluorescence lifetime of C6-NBD-PC was found to be 
in the range of 7.6 to 8.8 ns. For the lo domains values from 10.5 to 12.1 ns were measured. 
Notable is that the measured fluorescence lifetimes of C6-NBD-PC increased only moderately 
when the temperature was lowered from 25 °C to 10 °C. Pure ld phase vesicles (DOPC and 
POPC) showed a similar behavior (data not shown).  
However, by selection of ROIs separate analysis of domains demonstrated lipid domain 
characteristic values of τ2 as observed for GUV. In Figure 22 the lifetime histograms for 
lo and ld domains as well as their envelope are shown (only for 25 °C). In addition some 
domain forming GPMV did not show a preference of C6-NBD-PC for a specific domain. Yet, 
domains could be distinguished by fluorescence lifetimes (see arrow in Fig. 22 I and II). 
Lifetimes of GMPV were lower with respect to those found in the plasma membranes of 
intact HeLa-cells. Very likely, preparation of GPMV affects membrane organization, e.g. as 
interaction with cytoskeleton and transbilayer lipid asymmetry [25]. The analysis of 
fluorescence decays of C6-NBD-PC in GPMV for which lipid domains of microscopic size 
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were not observed, neither by intensity nor by lifetime images, showed that the lifetime 
histogram of those GPMV was very similar to the envelope histogram of GPMV forming 
large domains (Fig. 22). Experiments with GPMV derived from HeLa-cells were performed in 
collaboration with Anna P. Plazzo. 
 
Fig. 22: Partition and fluorescence lifetime of C6-NBD-PC in GPMV. C6-NBD-PC shows in 
GPMV prepared from HeLa-cells only a very weak preference for specific domain (I; intensity 
image). ld (white arrow) and lo domains can be characterized by lifetime differences 
(II; pseudocoloring according to the average lifetime). White bars correspond to 10 µm. Below, 
the lifetime histograms of τ2 for ld domains (green line) and lo domains (red line) as well as their 
envelope (full line, black) are shown. The histogram of GPMV showing no lipid domains 
(dotted line, black) is very similar to the envelope histogram of GPMV forming large domains. In 
the inset the normalized histograms for ld and lo domains are shown. Measurements were 
made at 25 °C in collaboration with Anna P. Plazzo. 
In summary, the characterization of the fluorescence lifetime of C6-NBD-PC in different 
vesicle systems showed that the typical values for ld and lo domains were preserved 
independent of the preferential enrichment of C6-NBD-PC in a certain domain. Furthermore, 
independent of the presence of lipid domains on the µm-scale, similar fluorescence lifetime 
histograms of C6-NBD-PC were found in the more biological GPMV originating from the 
plasma membrane of HeLa-cells suggesting that submicroscopic lipid domains were still 
present even when large scale lateral lipid segregation was not observed. 
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4.2.5 Lifetime distribution of C6-NBD-analogues in cellular membranes 
In order to study whether the application of the fluorescence lifetime approach based on 
NBD-lipid analogues is feasible also in biological systems, the fluorescence lifetime behavior 
of the dyes incorporated in the plasma membrane of cells was studied. 
In a first experiment HepG2-cells were labeled with C6-NBD-PC and C6-NBD-PS. Upon 
incubation of HepG2-cells with C6-NBD-PC on ice essentially the plasma membrane was 
labeled (Fig. 23 A). Intracellular staining was very faint if at all present. The lifetime 
distribution of the analogue allows distinguishing between several components (Fig. 23 A, 
see plot (IV) and image (III)). Whereas the amplitude of the short lifetime τ1 around 1.8 ns 
was very small, two major lifetimes τi and τp with maxima centered at 6.4 ns and 10.9 ns were 
observed. Image analysis revealed that the longer lifetime τp was essentially found in the 
plasma membrane, while τi was rather associated with intracellularly localized analogues. The 
higher amplitude of τp with respect to τi was in agreement with the preferential localization of 
the analogue in the plasma membrane. Notably, if the plasma membrane was selected as ROI, 
beside τ1 only the longer lifetime component τp was found which was similar to τ2(lo) observed 
for lo domains of GUV. Essentially the same pattern of lifetime distribution was observed 
when cells were incubated for one hour at 37 °C after labeling (Fig. 23 B). The analogue 
remained mainly confined to the plasma membrane. Intracellular labeling was slightly 
enhanced probably due to transport of the analogue along endocytic pathways or some slow 
redistribution across the plasma membrane as also indicated by an increase of the contribution 
of τi. 
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Fig. 23: Fluorescence lifetimes of C6-NBD-PC (A, B) and C6-NBD-PS (C) in HepG2-cells. 
Fluorescence lifetime of lipid analogues was measured at 25 °C immediately after labeling 
(A, C) and after one hour of incubation at 37 °C (B) (see 3.2.2.3). (I) – confocal fluorescence 
microscopy; (II) – DIC microscopy; (III) – average lifetime shown as pseudocolor image 
(see scale); (IV) – histogram of lifetime: τi (full line) and τp (dashed line). For explanation 
see 4.2.5. The larger spherical compartment in B corresponds to a canalicular vacuole (arrow). 
C6-NBD-PC becomes enriched in this compartment [227]. Images were taken and analyzed in 
collaboration with Dr. Thomas Korte. 
A similar distribution of lifetimes was observed for C6-NBD-PS (Fig. 23 C) with a maximum 
at 6.5 ns and 10.9 ns for τi and τp, respectively. Again, τp essentially originated from molecules 
in the plasma membrane. However, contribution of τi was much higher in comparison to 
C6-NBD-PC reflecting the enhanced intracellular localization of the PS analogue, as in GUV 
C6-NBD-PC and C6-NBD-PS showed similar lifetime behavior (see 4.2.1 and Tab. 7). 
Intracellular staining which was even stronger after one hour of incubation (not shown) is due 
to an aminophospholipid translocase activity which transports PS and respective analogues 
such as C6-NBD-PS but not PC (analogues) to the cytoplasmic leaflet of the plasma 
membrane of HepG2-cells as previously shown [228,229,230]. Even at low temperature, an 
efficient transport is observed which leads to intracellular staining during the labeling 
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procedure. Upon translocation to the cytoplasmic leaflet, C6-NBD-PS redistributes among 
intracellular membranes. Experiments with HepG2-cells were performed in collaboration with 
Dr. Thomas Korte. 
The fluorescence lifetime behavior of C6-NBD-PC was also studied in Jurkat-cells 
(immortalized T lymphocytes). A transition from the resting to the activated state can be 
induced by cross linking the CD3 receptors using an appropriate antibody (OKT3; personal 
communication with Marc Sylvester; FMP, Berlin, Germany). Cell activation is accompanied 
by rearrangements in the plasma membrane and the formation of ordered regions [27,31]. As 
already observed for HepG2-cells, for fitting of the fluorescence decays stemming from the 
plasma membrane two components were sufficient. In general, values of τp (10.4 ns) were 
similar to the values obtained for HepG2-cells. C6-NBD-PC became enriched in some regions 
of the plasma membrane (Fig. 24 A, arrows). Shorter fluorescence lifetimes, presumably due 
to C6-NBD-PC self-quenching, were typical for such regions. Thus, these regions were 
excluded from the ROIs during the fitting procedure. To study membrane rearrangements 
induced by the activation of these cells, Jurkat-cells were incubated with OKT3 antibodies 
which were cross-linked with a fluorescently labeled secondary antibody, prior to labeling 
with C6-NBD-PC. Although no enrichment of the secondary antibody at the plasma 
membrane and no microscopic lipid domains with altered lifetimes could be detected, there 
was in general a pronounced decrease in the lifetime of τp (Fig. 24 B).  
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Fig. 24: Fluorescence lifetime of C6-NBD-PC in resting and activated Jurkat-cells. 
Fluorescence lifetime of lipid analogues was measured at 25 °C immediately after labeling 
(see 3.2.2.3). (A) Fluorescence lifetime images of Jurkat-cells (2 x 2 pixels binned). Regions in 
which C6-NBD-PC is highly enriched (arrows) were excluded from analysis. The average 
lifetime is shown as pseudocolor (see scale). (I) – not treated cells; (II) – 20 min OKT3; 10 min 
anti mouse IgG; (III) – 30 min sphingomyelinase. White bars correspond to 10 µm. (B) Values of 









 percentile are indicated by the whiskers. For each 
sample 23 cells were analyzed. Differences between control and treated cells are highly 
significant (t-test; p<10
-7
 in each case). 
In a second approach Jurkat-cells were incubated with sphingomyelinase which is able to 
cleave SM yielding ceramide. This step is also thought to be involved in the natural activation 
sequence of Jurkat-cells [29]. Again, shorter lifetime values of τp were observed (Fig. 24 B). 
In all samples no lipid domains on the µm-scale or morphological differences between resting 
and activated cells were found, although minor lifetime variations in the plasma membrane 
could be observed in some cells. While these may origin from lipid heterogeneities, also 
statistical variances in the fitting procedure may explain their existence. 
In summary, the characterization of the fluorescence lifetime of C6-NBD-PC showed no 
domain formation in the plasma membrane of HepG2- or Jurkat-cells. The recovered 
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fluorescence lifetime values were between the values of τ2(ld) and τ2(lo) in GUV and dependent 
on the membrane composition. C6-NBD-PC incorporated in intracellular membranes 
e.g. showed a shorter fluorescence lifetime compared to C6-NBD-PC localized in the plasma 
membrane. In addition, the altered membrane composition triggered by the activation or 
sphingomyelinase treatment of Jurkat-cells was sensed by the NBD-probe and reflected in an 
altered fluorescence lifetime. 
 
4.3 α-Synuclein selectively binds to anionic phospholipids embedded in liquid-
disordered domains 
The protein α-synuclein is known to play a major role during the development of Parkinson’s 
disease. While previous studies could clearly show that the protein associates with 
membranous structures like synaptic vesicles and that such interactions refer to the function of 
α-synuclein – which is not known up to know – the factors important for the membrane 
interactions are still elusive. While it is already established that negatively charged lipids are 
required for the recruitment of α-synuclein at the membrane, additional factors which also 
might play a role are still under discussion. In the following section a new approach based on 
GUV to study the domain specific interaction of α-synuclein with phospholipid membranes is 
described. These huge vesicles with diameters up to 50 µm have the advantage that membrane 
properties like lateral phospholipid distribution and domain formation can be visualized 
directly by fluorescence microscopy. For this purpose GUV were labeled with 1 mol% of the 
green fluorescent lipid analogue C6-NBD-PC which is known to localize preferentially in the 
ld phase [38]. A characterization of the physical properties of such domains by the 
fluorescence lifetime is shown in 4.2.3. The results of the following section have been 
published in Stöckl et al. (2008b) [231]. 
 
4.3.1 Expression and purification of α-synuclein 
For the membrane binding experiments fluorescently labeled α-synuclein variants were 
needed. For specific labeling of the protein a cysteine residue was generated replacing serine 
129 located in the C-terminal part of the protein (Fig. 10). This position was chosen, as the 
C-terminal part (residues 103-140) of α-synuclein is not involved in membrane binding. In 
addition, serine is structurally similar to cysteine. This assured that the influence of the amino 
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acid exchange and the subsequent labeling with tetramethylrhodamine-6-maleimide 
(TMR-6-maleimide) had minimal influence on the membrane binding properties of 
α-synuclein. Apart from this amino acid exchange (S129C), also the α-synuclein variants 
known to cause hereditary Parkinson’s disease (A30P, A53T and E46K), bearing a cysteine 
residue at the same position, were generated by means of PCR-based mutagenesis. In order to 
get high yields of recombinant α-synuclein the protein was expressed in the BL21 derived 
E. coli strain Rosetta (DE3) pLysS using the pET28 plasmid. During purification (see 3.2.4.4) 
the heat treatment precipitated most of the endogeneous E. coli proteins, so that mainly the 
heat stable α-synuclein with minor impurities remained in the supernatant (Fig. 25 C; “before 
IEX”). Notably, almost no α-synuclein was found in the protein pellet. In ion exchange 
chromatography two main protein fractions were eluted at 200 mM and 400 mM NaCl, 
respectively (Fig. 25 A; arrowhead and arrow). The pooled fractions eluting at 200 mM NaCl 
were of yellow color and showed a molecular weight of approx. 45 kDa on SDS-PAGE (not 
shown). Almost pure α-synuclein showing the appropriate molecular weight of 14 - 15 kDa in 
SDS-PAGE (not shown), eluted at 400 mM NaCl (Fig. 25 A; arrow). For buffer exchange and 
further purification these pooled fractions were subjected to gel filtration chromatography. 
Apart from minor impurities the main protein peak eluted at a retention volume of about 
90 ml corresponding to an apparent molecular weight of approx. 50 kDa (Fig. 25 B; arrow). 
This difference is caused by the non globular extended conformation of the natively 
unstructured protein α-synuclein. The pooled fractions again showed a molecular weight of 
about 14 kDa typical for monomeric α-synuclein on SDS-PAGE (Fig. 25 C; “after GF”). An 
additional peak of low molecular weight compounds was detected at a volume of 120 ml 
(Fig. 25 B). 
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Fig. 25: Purification of recombinant α-synuclein e.g. A53T S129C. (A) IEX-chromatography 
after precipitation of endogeneous E. coli proteins by heat and pH-shift. Absorbance (full line) 
and conductance (dashed line) of the eluate are shown. After removement of impurities at 
200 mM NaCl (arrowhead) α-synuclein containing fractions are eluted at 400 mM NaCl (arrow). 
(B) Gel filtration of pooled α-synuclein containing fractions from IEX. α-Synuclein eluted at a 
volume of 90 ml (arrow) corresponding to an apparent molecular weight of 50 kDa. (C) During 
purification of α-synuclein A53T S129C each step was tracked by SDS-PAGE (Coomassie 
staining). After induction of transformed E. coli by IPTG a thick band with the appropriate size 
for α-synuclein was visible (asterisk; lanes: ”before Ind.” and “after Ind.”). The pellets of heat 
(“100 °C pellet”) and pH precipitation (“pH pellet”) were free of significant amounts of 
α-synuclein. Only minor impurities (see text) remain in the supernatant before IEX 
(“before IEX”). During IEX α-synuclein is absent from samples taken from the column 
flowthrough (“flowtrough”) and the washing of the column (“1 M NaCl”). After gel filtration 
(“after GF”) no impurities could be detected. The “marker“ lane contains a molecular weight 
marker (Fluka, 69814). 
To assure further the identity of the purified protein, UV-absorption spectra of the pooled 
fractions at 90 ml and 120 ml elution volumes were measured. While the fractions eluting at 
90 ml showed an absorption spectrum with a maximum at 275 nm – caused by solvent 
exposed tyrosine – typical for an unfolded protein lacking tryptophan, the fractions at 120 ml 
showed a maximum of about 260 nm with only minor absorption at 280 nm. This 
corroborates the results of the SDS-PAGE analysis that the 90 ml fractions indeed consist of 
α-synuclein. The absorption at short wavelengths of the 120 ml compound suggests that 
negatively charged cytoplasmic substances with a low molecular weight, like nucleotides, 
RESULTS   62 
small RNAs or other aromatic compounds were co-purified with α-synuclein during IEX 
chromatography. Labeling efficiency and monomeric state of the α-synuclein variants were 
checked by SDS-PAGE after the labeling with TMR-6-maleimide (not shown). 
 
4.3.2 Lipid specificity of α-synuclein binding to GUV 
In a first experiment it was tested whether the known dependence of the membrane binding of 
α-synuclein on the presence of anionic lipids is conserved in the GUV model system. 
Furthermore, it was explored if specific interactions between α-synuclein and the lipid 
headgroup are involved or if only the negative charge is of relevance. GUV from pure DOPC 
or phospholipid mixtures which consisted of 70 mol% DOPC and 30 mol% of one of the 
following anionic lipids: DOPS, DOPA, DOPG or PI(4,5)P2 were generated. In addition 
1 mol% of C6-NBD-PC was added to visualize lipid domain formation. All above mentioned 
lipid mixtures yielded GUV in which the fluorescence probe was homogeneously distributed, 
showing the absence of domain formation at least at the microscopic scale. After incubation of 
GUV with the TMR-labeled (S129C) α-synuclein (0.1 µM), binding of the protein to 
membranes was observed by a red fluorescence signal. Figure 26 shows confocal fluorescence 
images of equatorial sections of GUV prepared from the above mentioned lipid mixtures.  
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Fig. 26: Binding of α-synuclein requires negatively charged lipids. Laser scanning 
microcopy images showing equatorial sections of GUV incubated with α-synuclein 
(0.1 µM S129C-TMR; red fluorescence). All GUV were labeled with 1 mol% C6-NBD-PC (green 
fluorescence). DOPC: DOPC only; DOPS: DOPC/DOPS = 70/30; DOPA: DOPC/DOPA = 70/30; 
DOPG: DOPC/DOPG = 70/30; PIP2: DOPC/PI(4,5)P2 = 70/30. (A and B) Left image – 
fluorescence of C6-NBD-PC; Center image – fluorescence of α-synuclein; Right image – overlay 
of left and center images. (C) The images of DOPA, DOPG and PIP2 superimpose green and 
red channels. Colocalization appears as yellow color. All images were taken at 25 °C. Some 
GUV contain smaller vesicles or lipid debris. White bars correspond to 10 µm. 
The fluorescence of C6-NBD-PC is shown in green (Fig. 26 A and B; left column) while the 
fluorescence of TMR-labeled α-synuclein is shown in red (Fig. 26 A and B; middle column). 
Yellow colored regions indicate the colocalization of fluorescent lipid analogue and 
α-synuclein (Fig. 26 A and B; right column and Fig. 26 C). It can be clearly seen that 
α-synuclein S129C-TMR does not interact with GUV consisting only of DOPC (Fig. 26 A). 
However, binding was observed for vesicles which contain anionic phospholipids, whereas 
the type of the negatively charged headgroup did not matter (Fig. 26 B and C). The 
homogeneous distribution of bound α-synuclein indicates that also the anionic phospholipids 
are distributed homogeneously and no lipid or α-synuclein clustering occurred at least on the 
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microscopic scale. Although the protein did bind to GUV with anionic lipids, it did not 
penetrate the membrane in the time course of the experiment as indicated by the absence of 
TMR-fluorescence at small membrane vesicles and patches inside the GUV. 
Membrane binding of the protein is not induced by the S129C amino acid exchange or the 
covalently bound dye. Control experiments showed that free dye did not bind to the vesicles 
(not shown). Also an excess of unlabeled α-synuclein effectively competed for the binding 
sites at the membrane. Experiments in which DOPC/DOPS vesicles (70/30) were incubated 
with 0.5 µM labeled α-synuclein (S129C-TMR) and with different concentrations of the 
unlabeled wildtype protein (lacking S129C) additionally showed that the S129C-mutation and 
the attached TMR-dye did not change the membrane affinity of α-synuclein as the amount of 
fluorescence which was detectable at the membrane was reduced to approx. 50 % when equal 
amounts of labeled and unlabeled α-synuclein were present (see 4.3.6 and Fig. 32).  
 
4.3.3 α-Synuclein binds to saturated and unsaturated negatively charged 
phospholipids 
To assess whether binding of α-synuclein requires that acyl chains of negatively charged 
phospholipids have to be unsaturated, the binding to GUV prepared from DOPC and anionic 
phospholipids with saturated (DSPS, DPPA, DPPG) acyl chains was studied. Except for 
DPPA, GUV contained 70 mol% of DOPC and 30 mol% of the anionic phospholipid. DPPA 
was incorporated only to 15 mol%, because preparation of GUV with 30 mol% of DPPA 
failed. Again to each mixture 1 mol% of C6-NBD-PC was added to visualize lipid domain 
formation. Similar to GUV with unsaturated anionic phospholipids, C6-NBD-PC was 
homogeneously distributed and did not show lateral domain separation within the optical 
resolution in GUV prepared from DOPC/DSPS or DOPC/DPPA (Fig. 27 A).  
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Fig. 27: α-Synuclein does not bind to raft-like domains. GUV were labeled with 1 mol% 
C6-NBD-PC (green) which partitions into the ld-phase. Domains lacking C6-NBD-PC appear as 
dark regions. (A) Laser scanning microcopy images showing equatorial sections of GUV 
incubated with α-synuclein (0.1 µM S129C-TMR; red fluorescence). All images show the overlay 
of NBD- and TMR-fluorescence. DPPA: DOPC/DPPA = 85/15; DSPS: DOPC/DSPS = 70/30; 
DPPG: DOPC/DPPG = 70/30 (B and C) Laser scanning microcopy images showing equatorial 
sections of GUV incubated with Annexin V-Cy3 (red fluorescence). Images in (B) separately 
show NBD- (green), Cy3-fluorescence (red) and the overlay. In (C) only the overlay is shown. 
(B) DPPG: DOPC/DPPG = 70/30 (C) DOPC: DOPC only. All images were taken at 25 °C. White 
bars correspond to 10 µm. 
Binding of α-synuclein was observed for DOPC vesicles which contained the saturated 
anionic phospholipids DSPS or DPPA (Fig. 27 A). The interaction with DSPS and DPPA 
demonstrates that saturated acyl chains of anionic phospholipids do not interfere with binding 
of α-synuclein. In contrast, no binding was observed for DOPC/DPPG GUV where DPPG 
was segregated into ordered domains (Fig. 27 A). This strongly suggests that anionic 
phospholipids do not have to consist of unsaturated acyl chains, but must reside in ld domains 
for binding of α-synuclein (see also 4.3.4 and 5.2.3). This is supported by the observation that 
no binding of α-synuclein was observed for DPPC/DSPS, DPPC/DPPA and DPPC/DPPG (all 
70/30) at 25°C (images not shown). Because the temperatures for the gel-liquid transition of 
these four phospholipids are at neutral pH well above 25 °C, membranes are in the gel phase 
under that condition. To assess the presence and lateral distribution of anionic phospholipids, 
in particular of phosphatidylserine, binding of Annexin V-Cy3 was studied. It is well 
established that membrane binding of this protein requires the presence of anionic 
phospholipids. Annexin V-Cy3 was bound homogeneously to DSPS and DPPA containing 
DOPC GUV indicating also that anionic lipids were homogeneously distributed. By contrast, 
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DOPC/DPPG GUV formed dark C6-NBD-PC depleted domains to which Annexin V-Cy3 was 
found to bind, while no binding to pure DOPC GUV was observable (Fig. 27 B and C). That 
such domains were not seen in pure DOPC GUV suggests that DPPG segregates and forms 
ordered domains excluding C6-NBD-PC. 
 
4.3.4 α-synuclein binds to liquid disordered domains 
The results on negatively charged GUV with ordered membranes (DPPC/DPPG, DPPC/DSPS 
and DPPC/DPPA) might not be in agreement with previous reports on association of 
α-synuclein with lo domains. As gel-like lipid phases are likely not to be present in biological 
membranes, GUV from a lipid mixture composed of DOPC/SSM/Chol (33/33/33) were 
prepared. Those vesicles form lo and ld domains [49]. As already described, domains were 
visualized by C6-NBD-PC which is known to localize preferentially in the ld domain. In the 
absence of anionic lipids, α-synuclein binds neither to the ld nor to the lo domain (Fig. 28 A).  
 
Fig. 28: α-Synuclein binds only to ld domains. GUV were labeled with 1 mol% C6-NBD-PC 
(green) which partitions into the ld-phase. Domains lacking C6-NBD-PC appear as dark regions. 
(A) Laser scanning microcopy images showing equatorial sections of GUV incubated with 
α-synuclein (0.1 µM S129C-TMR; red fluorescence). All images show the overlay of NBD- and 
TMR-fluorescence. Raft: DOPC/SSM/Chol = 33/33/33; Raft/DOPS: DOPC/SSM/Chol/DOPS = 
25/25/25/25; Raft/DSPS: DOPC/SSM/Chol/DSPS = 25/25/25/25 (B and C) Laser scanning 
microcopy images showing equatorial sections of GUV incubated with Annexin V-Cy3 
(red fluorescence). Images in (B) separately show NBD- (green), Cy3-fluorescence (red) and 
the overlay. In (C) only the overlay is shown. (B) Raft/DSPS: DOPC/SSM/Chol/DSPS = 
25/25/25/25 (C) Raft: DOPC/SSM/Chol = 33/33/33 All images were taken at 25 °C. White bars 
correspond to 10 µm. 
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However, α-synuclein was bound to the ld phase if the monounsaturated anionic phospholipid 
DOPS was incorporated into GUV (DOPC/SSM/Chol/DOPS = 25/25/25/25) (Fig. 28 A). The 
absence of binding to the lo domain could either be due to the absence of DOPS from this 
domain or to inhibition of binding to negatively charged lipids when organized in the 
lo domain. Therefore, to generate vesicles for which the lo domain harbors 
phosphatidylserine, GUV containing 25 mol% DOPC, 25 mol% SSM, 25 mol% cholesterol 
and 25 mol% of the saturated anionic phospholipids DSPS were prepared. Lateral lipid 
domains were formed as shown by the inhomogeneous distribution of C6-NBD-PC 
(Fig. 28 A). While Annexin V-Cy3 bound to such vesicles irrespective of the domain 
(Fig. 28 B), proving the domain independent incorporation of DSPS, binding of α-synuclein 
was observed only at the ld domain but not at the lo domain, again suggesting that an 
interaction of α-synuclein with membranes requires anionic lipids in a ld environment. Again, 
no binding of Annexin V-Cy3 to vesicles lacking PS was observed (Fig. 28 C). 
In summary, the qualitative binding experiments of α-synuclein to GUV yielded insights 
about the factors determining the recruitment of the protein to the membrane. While 
membrane binding of α-synuclein relied on the presence of negatively charged phospholipids 
in the membrane, the nature of their headgroup did not matter. GUV showing lipid domains 
on the µm-scale allowed to explore the influence of the saturation grade of the anionic lipids 
on membrane binding of α-synuclein. While binding of the protein was observed 
irrespectively of the saturation grade of the negatively charged lipids their recruitment into 
different lipid domains had a strong influence. So, binding of α-synuclein to membranes was 
only observed if the negatively charged lipids were incorporated in ld domains. Lipids in 
lo domains or gel phases were not able to mediate the interaction with the membrane. 
 
4.3.5 Mechanism of interaction between α-synuclein and lipid membranes  
The dependence of the interaction between α-synuclein and the GUV on the presence of 
anionic phospholipids suggests that the binding is based on electrostatic attraction involving 
the anionic headgroups and the positively charged lysine residues from the N-terminal part of 
α-synuclein. Incubating DOPC/DOPS GUV with rising amounts of TMR-labeled α-synuclein 
showed a saturation of the binding for higher α-synuclein concentrations (Fig. 29 A).  
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Fig. 29: Analysis of α-synuclein binding to negatively charged DOPC/DOPS GUV. 
(A) TMR-intensities at GUV membranes (♦) DOPC/DOPS = 70/30; (■) DOPC/DOPS = 50/50; 
(▼) DOPC/DOPS = 30/70. Mean values measured from six different GUV. Bars correspond to 
the SEM. The data was fitted according to the scaled particle theory [225]. (B) The determined 
values for the amount of available binding sites (●) b and the binding constant (○) K0. Note that 
b is proportional to the fraction of DOPS. Measurements were done at 25 °C. 
To characterize the binding in a quantitative manner, the data were fitted to isotherms 
according to the scaled particle theory proposed by Chatelier and Minton (1996) [225]. In 
contrast to the mass action law this isotherm takes into account that the binding of α-synuclein 
takes place at the finite space of the membrane surface. As expected, the number of available 
α-synuclein binding sites (b) is proportional to the amount of incorporated DOPS (Fig. 29 B). 
This confirms that essentially DOPS contributes to the binding sites for α-synuclein. The 
dependence of the binding constant (K0) on the rising fraction of DOPS in DOPC/DOPS GUV 
strongly suggests cooperative effects of α-synuclein binding to negatively charged membranes 
(Fig. 29 B) which is in agreement with a previous report [232]. To assess whether binding is 
reversible, equal amounts (0.5 µM) of TMR-labeled α-synuclein and unlabeled α-synuclein 
were allowed to bind to DOPC/DOPS (70/30) GUV. As expected, membrane associated 
fluorescence decreased to the same amount irrespective of whether the GUV were 
preincubated with TMR-labeled or unlabeled α-synuclein or both α-synuclein variants were 
premixed before incubation (Fig. 30). This verifies that binding of α-synuclein corresponds to 
an association-dissociation equilibrium. 
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Fig. 30: Reversible binding of α-synuclein to DOPC/DOPS GUV. The same fluorescence 
intensity was observed when 0.5 µM TMR-labeled α-synuclein were added to DOPC/DOPS 
(7/3) GUV which had been preincubated for 5 min with 0.5 µM unlabeled α-synuclein 
(“first WT then WT-TMR”). The same intensity was observed if the order of incubation was 
reversed (“first WT-TMR then WT”) or both proteins were added at the same time 
(“WT + WT-TMR”). Mean values measured from six different GUV. Bars correspond to the SEM. 
Measurements were done at 25 °C. 
The N-terminal part of α-synuclein which forms an amphipathic helix mediating the 
membrane interactions is rich in positively charged lysine residues. Therefore it is likely that 
binding to membranes containing anionic lipids is mediated by electrostatic interactions. To 
support this hypothesis the ionic concentration (NaCl) of the microscopy buffer was varied 
during the binding assay. α-Synuclein was bound to DOPC/DOPS containing GUV at low 
ionic concentration (see 3.2.4.8). Subsequently, protein vesicle complexes were resuspended 
in buffer of low and high NaCl concentrations. As at 0.1 µM α-synuclein the binding sites at 
the vesicles are not saturated (Fig. 29 A), shielding the charges by salt should reduce binding 
of α-synuclein to the membrane. Indeed, at high ionic strength (105 mM NaCl) the amount of 
wildtype α-synuclein bound to the membrane declined to about 50 % with respect to low ionic 
strength (0 mM NaCl; Fig. 31). This is consistent with a binding mechanism mainly relying 
on ionic interactions. 
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Fig. 31: α-Synuclein affinity is reduced at high ionic concentrations. TMR-intensity of 
0.1 µM α-synuclein variants (as indicated and S129C-TMR) at GUV membranes (DOPC/DOPS 
= 70/30) in the presence of 105 mM NaCl. Data was normalized for each variant respective to 
the amount of TMR-fluorescence at 0 mM NaCl. Mean values from three independent 
measurements. Bars correspond to the SEM. Measurements were done at 25 °C. 
 
4.3.6 Binding of the pathogenous mutants to GUV 
Several mutations in the α-synuclein gene have been identified which seem to be related with 
the development of early onset of Parkinson’s disease. To characterize the influence of these 
mutations on membrane interaction, the binding of the mutant α-synuclein proteins A30P, 
A53T, and E46K to GUV made from 70 mol% DOPC and 30 mol% DOPS was investigated. 
Important features of the binding pattern of wildtype α-synuclein were conserved as all 
investigated mutants bound to ld domains of vesicles harboring anionic phospholipids. No 
interaction with vesicles lacking DOPS was observed (images not shown).  
As an altered affinity towards phospholipid membranes harboring anionic lipids caused by the 
mutations could impair the function of α-synuclein, the relative binding strength of the 
pathogenous α-synuclein variants compared to the wildtype protein was measured. This was 
done using a competition approach. DOPC/DOPS vesicles were incubated with 
0.5 µM TMR-labeled wildtype α-synuclein (S129C-TMR) and with different concentrations 
of the unlabeled protein variants (A30P, A53T, E46K and WT). The decrease of the 
TMR-fluorescence at the membrane caused by the competition of the TMR-labeled 
α-synuclein wildtype against the unlabeled variants was measured. For equal concentrations 
of TMR-labeled and unlabeled wildtype α-synuclein a reduction of fluorescence of about 
50 % was found (Fig. 32), demonstrating the similar affinities of these proteins for the lipid 
RESULTS   71 
membrane. A high excess of unlabeled α-synuclein was able to displace most of the 
TMR-labeled protein from the membrane.  
 
Fig. 32: Mutations of α-synuclein affect membrane binding. TMR-intensity of 0.5 µM 
wildtype α-synuclein (S129C-TMR) at GUV membranes (DOPC/DOPS = 70/30) in the presence 
of different concentrations of unlabeled α-synuclein variants ((□) WT; (○) A30P; (■) A53T; 
(●) E46K). Mean values measured from six different GUV. Bars correspond to the SEM. 
Measurements were done at 25 °C. 
The binding affinity of the A53T variant was comparable to the wildtype. The affinity of the 
A30P mutant was strongly reduced, as this variant was not able to compete for the binding 
sites. In contrast, the E46K mutant showed an enhanced binding with respect to the wildtype 
(Fig. 32). The higher affinity of the E46K mutant clearly shows that membrane binding is 
very sensitive to charge changes in the N-terminal part of α-synuclein. The competition 
approach nicely confirms previous results found by Choi et al. (2004) [177]. The investigated 
mutants have in common that high ionic strength reduces the membrane binding as observed 
for the wildtype. A53T and E46K showed also a reduction of about 50 % of binding at high 
ionic strength (105 mM NaCl). Due to the impaired membrane interactions membrane binding 
of A30P was almost abolished completely under those conditions (Fig. 31). 
In summary, quantitative analysis of the binding of α-synuclein to lipid membranes showed 
that the membrane binding of the protein exclusively was due to interactions with PS, where 
one molecule of α-synuclein bound to several lipids. Shielding ionic interactions showed that 
membrane binding was to a large extent mediated by ionic interactions. This is also reflected 
by the different membrane affinities of the pathogenous protein variants, as the impairment of 
the formation of the N-terminal α-helix strongly reduces (A30P) while the introduction of 
additional positive charges (E46K) increases membrane binding. 
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5 Discussion 
5.1 Fluorescence lifetime analysis of NBD-labeled lipid analogues allows the 
visualization of lipid domains in model and cellular membranes  
In the first part of the work a novel method for the detection of lipid domains in phospholipid 
membranes is demonstrated. A single dye approach which relies on the environment 
dependent fluorescence lifetime behavior of NBD-labeled lipid analogues has been 
established. In a first step the influence of different lipid species on these lifetimes has been 
measured in model GUV systems showing a homogeneous lipid distribution. Knowing these 
specific fluorescence lifetimes of the NBD-analogues it was possible to characterize the 
different lipid domains observed in lipid mixtures with a heterogeneous lipid distribution. 
Even the existence of submicrocopic domains could be detected in the model system, as the 
characteristic fluorescence lifetimes are conserved and bring such domains to light by their 
presence in the fluorescence decay. The application of this approach to more biological 
GPMV reveals that the domain specific lifetime behavior is still valid despite an inverted 
distribution coefficient. However, distinct lipid domains in the plasma membrane of living 
cells could not be detected. Yet, the approach can be used to draw conclusions about 
membrane properties. It is also useful to visualize and characterize physical properties of 
membrane structures serving as binding sites for peripheral and integral membrane proteins as 
demonstrated for α-synuclein. 
 
5.1.1 Fluorescence lifetimes of NBD-lipid analogues in a homogeneous environment 
In GUV with a homogeneous environment such as pure DOPC (or DOPC/DOPS = 98/2) 
GUV two lifetimes for the NBD-lipid analogues were observed, a short (τ1) and a long one 
(τ2) around 3 ns and 7 ns, respectively. This bi-exponential decay in homogeneous DOPC 
bilayers is in agreement with previous experimental observations [233,234,235] and 
molecular dynamics simulations [236]. While Mukherjee et al. (2004) measured values in the 
order of 5 ns [235], Chattopadhyay and Mukherjee (1993) reported values between 1 ns and 
3 ns depending on the excitation wavelength [234]. A simple explanation of the bi-exponential 
decay arises from the red edge excitation shift of NBD in membranes, as in FLIM imaging the 
excitation wavelength of the NBD-fluorescence is at 468 nm, that is 3 nm above the excitation 
maximum. Because of that photons emitted early with a small Stokes-shift are preselected and 
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give rise to the observed decay component additional to the mean decay component of the 
main fraction of the fluorophores [234]. As the shift is quite small, τ1 should contribute only a 
small fraction to the overall decay what is observed in most of the experiments. Also 
NBD-groups exposed to an aqueous environment show lifetimes of about 1 ns and could 
therefore be responsible for τ1 [233,237]. In addition Loura and Ramalho (2007) suggest that 
the short lifetime component reflects rotational motion involving the NBD fluorophore [236]. 
In summary, it is likely that many factors contribute to the observed short lifetime component, 
causing variations in the short lifetime (τ1) in the range of 1 - 3 ns in the GUV experiments. 
Therefore the short lifetime component was omitted from further studies. Loura and Ramalho 
(2007) also propose that the long lifetime component (τ2) characterizes motions of the whole 
lipid molecule [236]. This leads to the assumption that τ2 should be sensitive to physical 
properties of the lipid bilayer such as lipid packing. Indeed, very similar lifetimes for the 
different NBD-analogues were found, suggesting that the NBD-moiety senses a similar lipid 
environment. This is in good agreement with the measured distances of the NBD-group from 
the center of the bilayer (dz) of about 20.3 to 20.7 Å for C6-NBD-PC, C12-NBD-PC and 
N-NBD-PE or 18.8 Å for C6-NBD-PC showing that in each case the fluorophore is localized 
in the vicinity of the glycerol backbone and the phosphate groups [235]. A similar localization 
is suggested by experiments made by Huster et al. (2001) [238] or simulations carried out by 
Loura and Ramalho (2007) [236]. Their work also provides clues why C6-NBD-PC and 
C12-NBD-PC show different lifetime behaviour (Tab. 7) despite their similar localization 
(dz = 20.7 Å) in the membrane. While for C6-NBD-PC mostly intramolecular interactions 
with the glycerol backbone prevail, for C12-NBD-PC the nitrogen atom at which the 
NBD-moiety is linked to the acyl-chain is exclusively H-bonded to surrounding DPPC lipids 
[236]. These intermolecular interactions can lead to a higher susceptibility of the fluorophore 
to disturbances and therefore may cause the observed decrease in the mean lifetime. This is 
also reflected by the work of Huster et al. who found that the NBD-group of C12-NBD-PC in 
comparison with C6-NBD-PC is more accessible from the aqueous phase [238]. 
As biological membranes apart from the above mentioned PC consist of various different lipid 
species, the influence of the charged phosphatidylserine which is abundant on the inner leaflet 
of the plasma membrane on the lifetime behavior of C6-NBD-PC was exemplarily 
investigated. The observed concentration dependent tendency of the long fluorescence 
lifetime component τ2 towards shorter values for larger DOPS fractions in DOPC/DOPS 
mixtures can be explained by different mechanisms. Firstly, in the presence of PS bearing an 
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overall negative charge and a quite large headgroup, an altered organisation of the 
water-membrane interface compared to pure DOPC bilayers is likely [239]. Secondly, the 
amino- and carboxyl-moieties which are absent in the PC headgroup, could be able to directly 
establish interactions via H-bonds with the NBD-fluorophore again changing its properties. 
Additionally, repulsive forces between the overall negatively charged PS headgroups and the 
nitro-group of NBD could play a role. Besides the shorter lifetime values of τ2 the relative 
contribution of τ1 increases in a PS concentration dependent manner, while the mean value of 
that component does not change. Depending on the underlying mechanism (see above) this 
suggests that the probe is embedded in a less ordered and/or more polar environment, but also 
altered spectral characteristics could cause such an effect. In contrast to PS the addition of 
cholesterol to DOPC membranes has the opposite effect, as it is accompanied by an increase 
of the values of τ2 from approx. 7 ns for pure DOPC GUV to approx. 8 ns for vesicles 
containing 30 mol% cholesterol. The longer lifetime of the NBD-group reflects the higher 
degree of order induced by the cholesterol and is presumably due to a slower rate of 
non-radiative emission of the excited state. These results clearly demonstrate that the lifetime 
of NBD-labeled lipid analogues is sensitive to the surrounding lipid environment. Therefore 
these probes are adapted for the characterization of physical parameters of lipid membranes. 
 
5.1.2 Fluorescence lifetimes of C6-NBD-PC in vesicles forming microscopic lipid 
domains 
Next the phase dependent fluorescence lifetime behavior of C6-NBD-PC was investigated in 
GUV showing lateral lipid separation in the µm-scale. Enrichment of C6-NBD-PC in 
ld domains of model lipid membranes as demonstrated by Shaw et al. (2006) allowed a 
straight forward identification of the respective membrane domains in these GUV [38]. For 
GUV prepared of DOPC/SSM/Chol (1/1/1) τ2 of C6-NBD-PC was strongly affected by the 
lipid environment of the fluorophore. In ld domains, the lifetime τ2(ld) was about 7 ns, similar 
to that found for pure DOPC GUV. In contrast, in lo domains, enriched in cholesterol and 
saturated lipids, this lifetime component was remarkably shifted to about 11 ns to 12 ns (τ2(lo)). 
The same lifetime values were found for GUV preparations of DOPC/DPPC/Chol (1/1/1), 
clearly demonstrating that the distinct headgroup of sphingomyelin with the altered possibility 
to form H-bonds is not the cause of the longer lifetimes. While the membrane interior is quite 
unstructured, the phosphate region of the phospholipids, in which the NBD-moiety is located, 
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is especially ordered allowing the probe to sensitively sense its environment [235]. The 
increase in the degree of order when going from a ld to a lo phase could cause the large shift 
of τ2 towards longer fluorescence lifetimes. The longer lifetimes in the lo domain could also 
be explained by recent findings, suggesting a relocation of the probe from the phosphate 
region in ld domains to the more hydrophobic membrane interior in lo domains [240]. 
Notably, only minor amounts if at all of the longer lifetime τ2(lo) of about 12 ns in the 
ld domain and no contributions of the shorter τ2(ld) in the lo domain were detected (Fig. 18 B). 
This shows that the lo and ld domains are well separated and do not harbor ld or lo domains of 
submicroscopic size, respectively. This also clearly demonstrates the identical nature of facing 
domains in both leaflets confirming previous studies on inter-bilayer coupling [45,46]. Hence, 
the lateral organisation of lipid domains is identical in either monolayer.  
At high and low cholesterol concentration neither microscopic nor submicroscopic domains 
could be detected in GUV which is consistent with previous results [50]. At low cholesterol 
concentrations only lifetimes comparable to those of the ld domain (τ2(ld)) of domain-forming 
GUV were found (Tab. 11 and Tab. 12). For high cholesterol concentrations lifetimes similar 
to those of lo domains were measured. While detection of small submicroscopical lo domains 
surrounded by a large ld domain might be hampered by the fact that the partition of 
C6-NBD-PC into ld domains is favored, this is not the case for the opposite event. Hence, the 
absence of a short lifetime component equivalent to τ2(ld) at high cholesterol concentration 
strongly suggests that no ld domains even on the submicroscopic scale have been formed.  
Due to the domain specific partition and fluorescence lifetimes of C6-NBD-PC, domains on 
the µm-scale could also be identified for POPC/PSM/Chol GUV and GPMV prepared from 
HeLa-cells at 10 °C. Here the differences in fluorescence intensity allowed the separate 
analysis of the lifetime distribution in the lo and the ld domain (Fig. 21). In GUV prepared 
from a POPC/PSM/Chol mixture (1/1/1) C6-NBD-PC at 10 °C showed only a weak 
preference for the ld domain and showed no domains in the microscopic range at 25 °C. 
C6-NBD-PC shows no domain specific enrichment or only a small preference for the 
lo domain in GPMV. However, in each case the fluorescence lifetimes of the domains 
deviated only a little from τ2(ld) and τ2(lo) found for DOPC/SSM/Chol mixtures at 25 °C. This 
clearly demonstrates that the fluorescence lifetime component τ2 of C6-NBD-PC depends only 
on the phospholipid environment, but not on the distribution of the probe into the various lipid 
domains. 
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5.1.3 FLIM is suitable to detect transient small lipid domains 
In contrast to steady state fluorescence techniques based on differential distribution of 
fluorescence probes in different membrane domains, fluorescence lifetime still allows a 
detection of membrane inhomogeneities in the case that these are below the resolution of 
fluorescence microscopy, as the technique is not based on changes in the fluorescence 
intensities but directly measures physical parameters of the probe. Thus the detection of two 
different domains in one “pixel” is still possible, as the fluorescence lifetime decay will show 
both characteristic components typical of the lipid environment surrounding the respective 
probe, thus revealing their presence. A prerequisite to study domains of submicroscopical 
dimension is that the temporal resolution does not interfere with the size and the dynamics of 
those domains. Due to the high time resolution FLIM should be a suitable method to detect 
even very small lipid domains. To resolve two distinct lipid environments by FLIM, lipid 
analogues must not interchange between the environments during emission, otherwise the two 
different lifetimes would average out. Thus, domains should be stable at least for about three 
times the fluorescence lifetime of the analogue, e.g. for about 30 ns in case of a C6-NBD-PC. 
In this time period, an analogue would diffuse about 2 nm assuming a lateral lipid diffusion of 
about 10-7 cm²/s. Thus, lipid domains as small as approx. 10 nm² should be detectable by 
FLIM. This corresponds to about 16 lipid molecules with a surface area of about 0.6 nm² per 
lipid. Taking into account that a lateral diffusion coefficient of 10-7 cm²/s is an upper estimate, 
domains resolvable by FLIM could be even smaller. Typical values for lateral diffusion of 
lipid analogues in plasma membranes are between 1 x 10-9 cm²/s and 5 x 10-9 cm²/s as 
measured for fibroblasts [241] and red blood-cells [242], respectively. Hence, FLIM should be 
capable to capture even very small lipid domains as long as they are stable for at least 30 ns. 
However, these estimates also show the limitations of FLIM in that FLIM is not sensitive to 
domain sizes and lifetimes beyond 12 nm and 30 ns, respectively. 
 
5.1.4 Fluorescence lifetimes in POPC/PSM/Chol GUV forming submicroscopic lipid 
domains 
To assess whether lifetime measurements of C6-NBD-PC can resolve small lipid domains not 
detectable by fluorescence microscopy, GUV from various mixtures of POPC/PSM/Chol with 
a constant content of PSM (20 mol%) were prepared. Indeed, consistent with previous 
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observations, those GUV did not form visible domains at 25 °C [49,70,71,243,244]. However, 
at cholesterol concentrations between 20 and 60 mol%, two different lifetime components 
(additional to τ1) similar to τ2(ld) and τ2(lo) were found, as observed for DOPC/SSM/Chol GUV 
(see 4.2.3). This indicates that domains with submicroscopic dimensions are formed. Previous 
studies have already suggested that in such POPC/PSM/Chol mixtures with a cholesterol 
content above approx. 35 mol% domains of submicroscopic sizes between 20 nm and 100 nm 
could be formed [70,71]. The authors surmised that at cholesterol concentrations below 
35 mol% domains could be present which could not be detected by their approach based on 
FRET between fluorescent lipid analogues. The FLIM data show that below 35 mol% of 
cholesterol domains are indeed present. This is in agreement with a very recent NMR study 
showing that in POPC/PSM/Chol mixtures with less than 35 mol% cholesterol domains in the 
order of about 40 nm² to 70 nm² are formed [72]. 
 
5.1.5 Fluorescence lifetimes of C6-NBD-PC in GPMV 
GPMV prepared from HeLa-cells show lipid domains on the µm-scale. As recently shown by 
mathematical modeling, the presence of membrane proteins and their interaction with lipids 
significantly reduces the ability of lipids to phase separate already at a rather low area fraction 
(5 - 10 %) covered by proteins [24]. Baumgart et al. (2007) suggested that the coupling of the 
membrane to the actin cytoskeleton may prevent formation of domains on the µm-scale in the 
intact plasma membrane which have been observed for giant blebs of the plasma membrane 
lacking the cortical actin assembly [25]. Hancock (2006) discussed a model of formation of 
domains in membranes emphasizing the role of different classes of laterally diffusing 
membrane proteins [22]. He suggested that the two classes of proteins of which either can 
capture and stabilize lo domains and those which are excluded from lo domains represent the 
two ends of a continuous spectrum of membrane proteins which can give rise to a distribution 
of intermediate size and stability of domains.  
The comparison of the distribution coefficient of C6-NBD-PC in GUV prepared from different 
lipid mixtures and GPMV clearly showed that the preferential enrichment of C6-NBD-PC is 
not only dependent on the lipid phase but also on the direct lipid environment. In GUV in 
which a large difference of physical properties exists (DOPC/SSM/Chol; e.g. µm-domains 
at 25 °C) C6-NBD-PC is mainly enriched in the ld domain, while for GUV in which the 
difference of enthalpy between the lipid domains is smaller (POPC/PSM/Chol; e.g. no 
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domains at 25 °C) the preference for the ld domain is much weaker. In GPMV which consist 
of various lipid species originating from the plasma membrane the differences should be 
much smaller, as a transition between different membrane states should be easily achievable. 
Actually, for such vesicles no domain specific enrichment of C6-NBD-PC was observed. 
Although the domain dependent distribution changes drastically, distinct lifetimes for ld and 
lo domains are still preserved. 
For GPMV forming large domains lifetimes could be separately extracted for lo and 
ld domains. Although the lifetimes of both domains could be clearly distinguished from each 
other, the difference was much lower in comparison with that found for lo and ld domains of 
GUV. This is also evident from the fact that the envelope of the two lifetime distributions of 
domain forming GPMV gives rise to a continuous lifetime distribution but not to a bimodal 
distribution as found for GUV. Surprisingly, the envelope was almost identical with the 
lifetime distribution of GPMV which did not form any visible lipid domains. This may 
indicate that in those GPMV the large domains disintegrated into smaller ones below 
microscopic resolution while essential physical properties, e.g. lipid packing, are preserved. 
Keeping the limitations of GPMV in mind [25], a similar situation may apply to intact plasma 
membranes corroborating the findings that a spectrum of lipid domains differing in their 
physical properties exists in those membranes [22,23]. Probably appropriate deconvolution 
might allow the resolution of different types/classes of lipid domains. 
 
5.1.6 Fluorescence lifetimes of C6-NBD-analogues in cellular membranes 
A bimodal distribution of fluorescence lifetime of C6-NBD-PC or C6-NBD-PS for HeLa- and 
HepG2-cells was observed. FLIM based image analysis revealed that the shorter component 
(τi) corresponds to intracellular membranes while the longer lifetime (τp) is related to the 
plasma membrane. Support to this conclusion is given by the higher amplitude of the short 
component in the case of C6-NBD-PS. It is known that this analogue readily redistributes 
among intracellular membranes upon its rapid transport from the exoplasmic to the 
cytoplasmic leaflet of the plasma membrane by the aminophospholipid translocase activity in 
mammalian cells, e.g. for HepG2- [228] and HeLa-cells [230]. Also, the plasma membrane 
associated lifetime of C6-NBD-PS is slightly shorter than that of C6-NBD-PC. This might as 
well be explained by the fact that a higher fraction of the analogue is localized in the 
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cytoplasmic leaflet. A conclusion from previous biochemical and biophysical studies is that 
the inner leaflet has reduced lipid packing with respect to the exoplasmic leaflet [241,242].  
A similar dependence of lifetime on membrane localization has been shown for the perylene 
imide chromophore in Jurkat-cells [31]. The fluorescence decay of this probe was shorter in 
intracellular membranes with respect to the plasma membrane. Very likely, this difference of 
lifetimes between intracellular membranes and the plasma membrane is related to the higher 
presence of cholesterol in the plasma membrane (see 4.2.5).  
This is in good agreement with results of cholesterol depletion experiments on HeLa-cells 
(data kindly provided by Anna P. Plazzo). Upon depletion of cholesterol by MßCD, a shift of 
the lifetime distribution of τp to lower values was observed (Fig. 33). MßCD extracted about 
20 % of total cholesterol from these cells (20.4 % ± 1.2; n=2) as measured after labeling of 
the cells with 3H-cholesterol. In Figure 33 the lifetime histogram (only longer component τp) 
of C6-NBD-PC in the plasma membrane is shown.  
 
Fig. 33: Fluorescence lifetime of C6-NBD-PC in the plasma membrane of HeLa-cells. Left: 
The average lifetime (images) in the plasma membrane of HeLa-cells at 25 °C before (I) and 
after (II) depletion of cholesterol by treatment of cells with MßCD is shown as pseudocolor 
image (see scale in (I)). White bars correspond to 10 µm. Right: Histograms of τp of C6-NBD-PC 
in HeLa-cells at 25 °C before (solid line) and after (dashed line) depletion of cholesterol by 
treatment of cells with MßCD. Histograms were normalized by setting the maximum to 1. 
Images were taken and analyzed by Anna P. Plazzo. 
In general, the distribution of lifetimes of the plasma membrane of HepG2- and Jurkat-cells 
was rather broad centered at about 11 ns for C6-NBD-PC. This lifetime corresponds to that 
one observed for the lo domains of GUV. The distribution did not reveal resolvable peaks 
corresponding to different lifetimes as found for lo and ld domains of GUV. However, several 
studies suggest that in resting cells rather small lipid (raft-like) domains with only transient 
stability and nanometer dimensions exist (for reviews see Lagerholm and Weinreb (2005) 
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[245], Hancock (2006) [22], Shaw (2006) [246] and Jacobson et al. (2007) [23]). 
Sophisticated biophysical techniques and mathematical modeling of generated experimental 
data have indeed shown that such domains are between 5 nm and 20 nm in diameter [11,34]. 
Employing time-resolved FRET Sharma et al. (2004) concluded that about four GPI-anchored 
proteins are localized in small clusters with approx. 40 lipids [11]]. Single particle tracking 
experiments indicated that single GPI-anchored proteins are organized in very small domains 
(<10 nm) with a short lifetime being in the order of 0.1 ms [34]. This short transient stability 
is in agreement with electron paramagnetic resonance measurements revealing that spin-
labeled lipids reside within a typical time of about 100 µs in rafts [247]. Based on these 
characteristic properties of lipid domains and the estimates on the resolution of FLIM 
measurements (see 5.1.3), the approach should be suitable to detect even nanometer sized 
domains with very short stability. However, no distinguishable lifetime components in the 
plasma membrane of cells as found for domain forming GUV could be resolved. This may 
support recent scepticism about the existence and relevance of raft domains in biological 
membranes [246]. On the other hand, alternative explanations which are in agreement with 
recent studies may account for these results. Firstly, one should keep in mind that the 
cholesterol content of the plasma membrane typically is very high. Based on that one would 
expect that the plasma membrane would rather consist of a continuous lo phase with 
embedded possible small ld domains [248,249]. This could explain a lifetime distribution of 
C6-NBD-analogues in the plasma membrane centered at typical values found for lo domains 
of GUV. Secondly, one can suppose that the data are compatible with the existence of a large 
variety of different types of lipid domains or clusters differing in their composition as well as 
in their properties such as size and stability. This gives rise to an overlapping distribution of 
lifetimes rather than to well resolvable ones. Indeed, the NBD lifetime distribution of the 
NBD analogues in the plasma membrane is much broader compared to that one in the 
lo domain of GUV. Previous reports have already discussed the presence of a variety of 
domains varying in size and composition [22,23]. Jacobson et al. (2007) pointed out that the 
plasma membrane should be viewed as a lipid-protein composite, rather than a dilute solution 
of proteins in a lipid bilayer. Even a very simple model membrane system which normally 
only separates into a distinct ld and lo domains shows a more complex phase behavior if 
membrane asymmetry is generated [62]. In biological systems apart from pure lipid-lipid 
interactions plasma membrane organization and dynamics are determined additionally by 
protein-lipid and protein-protein interactions, giving rise to an even more complex network of 
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regulation. The existence of such a complex network of different lipid domains is in good 
agreement with the alterations in the lifetime behavior of C6-NBD-PC upon cholesterol 
depletion or cell activation. The experiments on GUV have shown that C6-NBD-PC should 
only be excluded from strongly ordered lipid domains but should be able to enter such 
lo domains which normally exist in the plasma membrane of cells (see 5.1.5). Having this in 
mind, a straightforward explanation of the observed lifetime changes observed in cells upon 
cholesterol depletion, activation or sphingomyelinase treatment of Jurkat-cells is possible. 
The depletion of cholesterol in HeLa-cells which leads to the disruption of “Raft” domains, 
caused shorter fluorescence lifetimes of C6-NBD-PC. This is obvious, as the disruption of the 
ordered “Raft” domains exposes a higher fraction of the probe to a more disordered lipid 
environment. However, the induction of strongly ordered domain compartments by cell 
activation or ceramide enrichment also caused a decrease of fluorescence lifetimes which is 
contradictory at the first glance. Keeping in mind that C6-NBD-PC is excluded from strongly 
ordered lo domains, the induction of those types of domains in cells again leads to an 
enrichment of the probe in the surrounding disordered environment that may cause the 
observed decrease in fluorescence lifetimes. 
 
5.2 α-Synuclein selectively binds to anionic phospholipids embedded in ld 
domains 
In the second part of the present study the binding of α-synuclein to GUV was investigated. 
This allowed a direct characterization of the lipid and domain specificity of membrane 
interaction of α-synuclein by fluorescence microscopy. For this purpose a fluorescent label 
was covalently attached at the C-terminus of the protein to avoid any interference with the 
lysine-rich N-terminus mediating membrane binding. Experiments with DOPC GUV 
containing different types of anionic lipids agree with previous findings that anionic 
phospholipid headgroups are important for membrane binding of α-synuclein. While the 
saturation degree of the acyl chains of these phospholipids is of marginal relevance if at all, it 
is essential for α-synuclein binding that they are embedded in a ld environment indicating the 
relevance of lipid packing for binding. Although important features of wildtype α-synuclein 
binding to membranes were preserved, mutations of the protein affected membrane binding 
quantitatively showing that apart from an altered overall charge also other single amino acid 
exchanges can modulate membrane association.  
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5.2.1 Membrane binding of α-synuclein requires anionic head groups 
In a first step it was investigated whether α-synuclein interacts with specific structures at the 
lipid headgroups or merely the anionic charge is of importance. Strong binding of α-synuclein 
to GUV containing DOPC and either DOPS, DOPA, DOPG or PI (4,5)P2 confirmed previous 
reports [144]. The dependence of the binding constant on the fraction of incorporated DOPS 
clearly showed the cooperative action of negatively charged lipids forming the α-synuclein 
binding sites. The results implicate the importance of electrostatic interaction for membrane 
binding of α-synuclein. This is supported by the significant decrease of binding of α-synuclein 
to GUV upon increasing the ionic concentration (Fig. 31). Similar observations have been 
made for SUV, LUV and MLV [142,144,153,232]. Lysine residues of the 11-mer repeat 
sequences forming α-helices are responsible for interaction with negatively charged surface of 
membranes. Plotting the N-terminal part as an α-helical wheel reveals a clustering of basic 
residues at polar/nonpolar interfaces. The hydrophobic side chains of the lysine residues are 
known to support the interaction of the hydrophobic surface of such amphipathic helices with 
membranes [144,250]. In particular, the relative contribution of hydrophobic interactions to 
binding of α-synuclein with membranes may be enhanced when electrostatic attraction 
between protein and negatively charged headgroups is strongly shielded at high ionic strength 
(this work and refs. [142,144]). This point is assessed in ongoing studies investigating the 
depth of penetration of the N-terminal α-helix of α-synuclein in LUV at different conditions. 
However, for all α-synuclein variants no binding to pure DOPC membranes was detected, 
indicating that hydrophobic interactions alone are not sufficient to mediate binding.  
 
5.2.2 α-Synuclein binds to negatively charged phospholipids with saturated fatty acid 
chains 
As clearly shown by the interaction of α-synuclein with DOPC GUV containing the saturated 
lipid species DSPS or DPPA, the interaction of α-synuclein with negatively charged 
phospholipids does not require that those lipids consist of unsaturated fatty acyl chains. This 
is in contrast to previous results indicating that binding to phospholipid membranes requires 
the presence of negatively charged lipids, preferentially PS with acyl chains being a 
combination of oleic and polyunsaturated (20:4 or 22:6) fatty acyl chains [147]. However, one 
has to keep in mind that in the GUV DSPS and DPPA were embedded in a DOPC 
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environment which is of lowered lipid packing. Indeed, no binding to DPPC membranes 
containing DSPS or DPPA being in the gel phase was observed. Thus, the next issue to refer 
to was whether apart from the negative charge of the headgroup, a lipid phase of lower lipid 
packing is of importance for the interactions between α-synuclein and the vesicles as well. 
 
5.2.3 α-Synuclein binds to negatively charged ld domains but not to raft-like domains  
Binding of α-synuclein neither to the ld nor to the lo domain of GUV composed of a lipid 
mixture of DOPC/SSM/Chol could be detected, again proving that the presence of anionic 
lipids is a strict prerequisite for binding in the GUV system. When DOPS was added, binding 
of α-synuclein to the ld domain – where the unsaturated DOPS should preferentially enrich – 
but not to the lo domain was observed. Even in the presence of the saturated DSPS no 
association of the protein with the lo domain was detected, although the binding of 
Annexin V-Cy3 demonstrated the presence of DSPS in those domains (see 4.3.4 and Fig. 28). 
This suggests that binding of α-synuclein to membranes also depends on lower lipid packing, 
as it is typical for ld domains, or even on lipid packing defects. A role of lipid packing in 
binding to membranes is supported by the results on binding of α-synuclein to 
phosphatidylglycerol. α-Synuclein binds efficiently to GUV composed of DOPC and DOPG. 
However, no binding was detected for GUV made from DOPC/DPPG. In the latter case DPPG 
segregates and forms an ordered, very likely, gel-phase domain as indicated by the absence of 
C6-NBD-PC from this domain. The phase transition temperature of DPPG is about 40°C 
[251]. In contrast to α-synuclein, Annexin V-Cy3 was found to associate with DPPG domains 
what indicates that the negatively charged head group is accessible for peripheric proteins (see 
4.3.3 and Fig. 27). Presumably the tight lipid packing of DPPG prevents binding of 
α-synuclein.  
In conclusion, it is likely that both the negative surface charge and lipid packing are essential 
determinants of membrane binding of α-synuclein. Indeed, CD measurements done by 
Nuscher et al. (2004) suggested that binding and helix formation of the N-terminus depends 
on defects of the membrane [149]. It is already known that insertion of peptides and proteins 
into lipid bilayers is facilitated by lipid packing defects. Notable is that, hydrophobic 
interactions may become more efficient by packing defects of the lipid bilayer, for example, 
due to high bending. Previous studies have suggested that bilayer bending plays an important 
role in binding of α-synuclein becoming enhanced in membranes of high curvature such as 
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micelles or small unilamellar vesicles [144]. These findings would also hint towards the 
proposed function of the protein as an incorporation of the amphipathic helix in the 
cytoplasmic leaflet of vesicles would relief bending stress and therefore may contribute to 
vesicle stability and prevent premature vesicle fusion. 
 
5.2.4 Implications of lipid specific binding of α-synuclein – Physiological relevance  
Synaptic vesicles, with which most presumably the biological function of α-synuclein is 
associated, consist of about 12 % PS [252] of total phospholipid, while PA and PI make up to 
only 0 - 2 % [253,254]. Previous data are indicative of an enrichment of PS on the cytosolic 
leaflet [253], very likely due to the presence of an aminophospholipid translocase belonging 
to the P-type ATPases [252,255,256]. This translocase is thought to be capable of flipping PS 
and PE from the lumenal leaflet to the cytoplasmic leaflet to generate an asymmetric 
distribution of these lipids in the two leaflets of the synaptic vesicle. Thus, the concentration 
of PS in the cytosolic leaflet corresponds to about 24 %, being comparable to the 
concentration mainly used in the experiments. Furthermore, analysis of fatty acid composition 
of phospholipids revealed that the majority of fatty acids in synaptic vesicles are unsaturated 
(approx. 90 %; mainly polyunsaturated species [252]) giving rise to a reduced lipid packing. 
Hence, the cytosolic leaflet of synaptic vesicles resembles a good target for α-synuclein due to 
the enrichment of negatively charged PS and the reduced lipid packing. 
 These results may not exclude a role of raft-like lipid domains in binding of α-synuclein, 
eventually serving as binding sites at the plasma membrane [128,257]. In comparison with 
GUV, raft domains have been found to be much smaller in biological membranes with 
diameters being in the order of about 5 nm [11] which corresponds to a surface area of about 
20 nm². This is in the order of the area covered by the membrane binding N-terminus of 
α-synuclein on the assumption that a 100-residue helix would correspond to 15 nm² [232]. 
Thus, α-synuclein may sense both negatively charged lipids in ld domains and discontinuities 
in lipid organization at the border of lo and ld domains which may give rise to fluctuations of 
lipid packing favoring the interaction of α-synuclein with membranes. Notable is that, 
formation of pathogenic amyloid fibrils of various human diseases has been shown to be 
associated with a lipid component which is specifically rich in sphingomyelin and cholesterol, 
both lipids are typical for lipid rafts [257,258,259]. Thus, the relevance of raft-like domains 
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for formation of amyloid-like fibrillar structures of α-synuclein remains an important issue for 
understanding mechanisms of Parkinson’s disease. 
 
5.2.5 Mutation of α-synuclein affects membrane binding  
The competition approach allows to investigate the influence of different single mutations of 
α-synuclein which have been associated with PD (for a review see Moore et al. (2005) [260]) 
in a quantitative manner. The strong dependence of the membrane binding of α-synuclein on 
electrostatic interactions easily explains the enhanced affinity of the E46K variant to 
DOPC/DOPS GUV with respect to wildtype, as in overall two additional positive charges are 
introduced by this amino acid exchange. A previous study using multilamellar vesicles found 
the same enhancement [177]. In contrast, the mutation A30P caused a lower binding affinity 
of α-synuclein to those GUV. The reduced binding of this mutant is in agreement with 
previous observations [128,142,145,177]. Fortin et al. (2004) found that the mutation A30P 
interferes with α-synuclein recruitment at synapses [128]. The lower affinity of the A30P 
mutant can be rationalized by structural studies carried out by Ulmer and Bax (2005) [98]. 
These authors found that the proline residue of this mutant interrupts the α-helical structure of 
the N-terminus which mediates membrane binding. Thereby, the canonical succession of polar 
and hydrophobic residues is perturbed which points to the relevance of this specific 
arrangement for membrane binding. The perturbed arrangement of hydrophobic residues may 
also interfere with an enhanced relative contribution of hydrophobic interactions to binding at 
high ionic strength (see 4.3.5 and Fig. 31) explaining why those conditions have a stronger 
impact for A30P with respect to wildtype. The membrane affinity of the A53T mutant was not 
changed, being in agreement with previous results [177] and the observation that this 
mutation does not affect the conformation of membrane bound α-synuclein [98]. These results 
on mutants clearly show that apart from the presence of positively charged and hydrophobic 
amino acid residues the conformation of α-synuclein is an important factor for its membrane 
association.  
So, the precise role of membranes in the genesis of fibrils remains to be clarified. While 
several studies have shown that interaction of α-synuclein with membranes promote fibril 
formation [141,261,262], other studies reported that membrane interaction may inhibit 
formation of fibrillar α-synuclein depending on the protein to lipid ratio [188,189]. In 
addition, mutations of α-synuclein may be pathogenous in different ways. For example, 
DISCUSSION   86 
reduced binding may interfere with a protective function of α-synuclein binding to 
membranes. Kamp and Beyer (2006) have suggested that α-synuclein may anneal packing 
defects which may prevent premature fusion of synaptic vesicles [146]. Further studies are 
warranted to identify the role of interaction of α-synuclein with membranes in pathogenesis 
and, in particular, in formation of α-synuclein fibrils. 
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6 Summary and Outlook 
Their ability to form lipid domains in the µm-scale, allowing a straightforward identification 
by fluorescence microscopy, and the possibility to adjust the lipid mixture to one’s liking, 
renders GUV an ideal tool to study phenomena associated with genesis, characteristics and 
function of lipid domains. In this study a new method based on fluorescence lifetime 
measurements was demonstrated to distinguish different lipid domains with a single 
membrane probe. C6-NBD-PC shows a domain dependent fluorescence lifetime behavior, 
which allows the detection of ld and lo domains also below the diffraction limit of the 
fluorescence microscope. While the presence of such domains in a defined lipid system has 
been demonstrated and their physical properties have been characterized quite well, the exact 
nature of such lipid heterogeneities in the plasma membrane is still elusive. Therefore the 
application of the FLIM-approach to investigate such biological systems may provide 
valuable insights into the composition and structure of the plasma membrane of living cells. 
As the fluorescence lifetime behavior of C6-NBD-PC is also sensitive to the presence of PS or 
cholesterol, this approach could be an invaluable tool to study an altered membrane 
composition in cellular models with regard to diseases associated with an impaired lipid 
metabolism. Furthermore, this technique could help to understand certain metabolic processes 
like the intracellular transport of cholesterol or other lipid plasma membrane components. 
An application of fluorescence microscopy to domain forming GUV is covered by the second 
part of the work in which the domain specific membrane interactions of α-synuclein were 
studied by using GUV. Apart from corroborating previous findings concerning the 
dependence of the membrane interactions on the presence of anionic lipids, it was possible to 
shed light on the controversially discussed point, whether the anionic lipids have to have 
unsaturated acyl chains in order to support membrane binding of α-synuclein. It could be 
demonstrated that not the degree of saturation of the negatively charged lipids but mainly the 
phase state of the membrane harboring these lipids is crucial, as α-synuclein only binds to 
these lipids if they are liquid disordered membrane domains. Apart from these purely 
qualitative findings it was also possible to study the interactions of α-synuclein (or its 
pathogenous variants) with GUV in a quantitative way, as it is possible to directly measure the 
amount of α-synuclein bound to the lipid membrane. Yet it has to be admitted that if it is 
possible to detect membrane binding by intrinsic methods (FRET, Trp-blue shift) LUV based 
experiments in the cuvette may yield better experimental statistics. However, the strength of 
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the huge GUV lies in the directly observable lipid domain structure. As the interaction of 
α-synuclein with lipid membranes seems to alter the aggregation propensity of the protein, 
further studies are indicated to investigate whether domains specific interactions exist 
between the oligomeric or fibrillar species. In combination with reconstitution of 
fluorescently labeled proteins or peptides in lipid membranes the described methods can also 
be applied to study the domain specific distribution of such compounds. 
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ADDENDUM   104 
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